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Abstract
This research involves the synthesis and characterization of charged chiral
polymeric surfactants for their

use as pseudostationary phases in electrokinetic

chromatography (EKC). Poly sodium N-undecanoyl L-valinate (poly L-SUV), poly
sodium N-undecanoyl L-threoninate (poly L-SUT), and poly sodium N-undecanoyl Lisoleucinate (poly L-SUIL) were synthesized in this study. The partial specific volumes
of these polymers, determined using a densitometer, were 0.81, 0.77, and 0.83 mL/g,
respectively. Molecular weights o f 9,984,11,252 and 10,563 were obtained for poly LSUV, poly L-SUT and poly L-SUIL, respectively by using sedimentation equilibrium, hi
addition, sedimentation coefficients of 0.67 and 1.03 S were found for poly L-SUV and
poly L-SUT, respectively. Selectivity factors of 5 PTH-amino acids were in good
agreement with their differences in free energy. In addition, one and two-dimensional
nuclear magnetic resonance (NMR) spectroscopy, as well as luminescence spectroscopy
were used to determine the binding interactions of these polymers with binaphthyl
derivatives.
The second component of this research involved an application o f cyclodextrins for
improved separation of free bile acids along with their taurine and glycine derivatives in
capillary zone electrophoresis (CZE). The effects of various parameters such as pH and
type of chromophore are investigated in order to optimize the electrophoretic separation
and to maximize the peak capacity. The separation of bile acids is significantly improved
by incorporating y-cyclodextrin (y-CD) in the run buffer solution. This improvement in
resolution is accompanied by a decrease in migration time, suggestive of an increase in
association of y-CD with the bile acids. In addition, the complexation of y-CD with the

xv
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guest molecule 2,5-bis-(4-methylphenyl)oxazole (MPPO) was investigated using
fluorescence and high-field proton nuclear magnetic resonance (NMR) spectroscopies.

xvi
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Chapter 1
Introduction
1.1 Capillary Electrophoresis
hi capillary electrophoresis (CE), the ends of a tube that is filled with a buffer are
connected to buffer reservoirs. These reservoirs are equipped with electrodes that are
connected to a power supply (Figure 1.1).

Quod

Chpfayiriet

HgivohzgepcMersqjiy

Figure 1.1

Schematic of capillary electrophoresis

The following example can be used to illustrate the principle of CE. Assume a
sample containing a mixture of neutral and electrically charged molecules, and that these
electrically charged molecules (the ions) have different charges and sizes. If the sample
is placed at the anodic end o f the capillary tube, (i.e., the end with a positive charge) and
1
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an electric field, E, is applied across the capillary, the ions in the sample will tend to
migrate through the capillary at different rates. The force acting on the charged molecules
is given by the product ezE, where e is the electronic charge per unit surface area, z is the
number of charges on the molecule, and E is the applied electric field in volts/cm. Each
ion accelerates for a very short period of time immediately after turning on the field. Then
steady state is reached as the electrostatic force (Ff) is balanced by the force acting on the
charged molecules (ezE ):

ezE=Ft.

1.1

This force (Ft) migrates the ions towards the oppositely charged electrode.

A

counteracting frictional force (F,) slows the mobility of ions. According to Stokes’ law for
spherical particles, this frictional force can be expressed as follows:

Ff=6m\ro

1.2

where r is the ion radius, i) is the viscosity of the medium, and v is the migration velocity.
In addition, the constant velocity of the ions can be expressed as the product of effective
electrophoretic mobility ( p j and electric field (E), i.e.,

1.3

2
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The combination of equations 1.1,1.2, and 1.3 allows pe to be expressed as

Z~ E

In most cases, p , values deviate from ideal values. Equation 1.4 is oversimplified,
since it assumes the ions are spherical. The equation also neglects the influence of the
ionic atmosphere on the movement of the ions.
1.1.1 Electroosmotfc Flow (EOF)
In CE, in addition to the solutes, the bulk buffer solution moves through the
capillary under the influence of an electric field. This phenomenon is called electroosmotic
flow (EOF). Anionic solutes are pulled back toward the source vial by the positive charge
o f the anode. They move at a rate that is lower than that of the EOF. Neutral solutes are
void of pe, and therefore move through the capillary at the same rate as the EOF.
Positively charged solutes migrate toward the negative electrode under the influence of the
synergistic effect of both electrophoretic mobilities and EOF.. As a result, the migration
order in which solutes pass through the capillary is cations > neutrals > anions when the
EOF is from anode to cathode.

1.1.2 ffihalCaua&EQF.?
When a buffer above pH 3 is placed inside a capillary, the inner surface of the
capillary acquires a charge due to ionization of the capillary surface and adsorption of ions
from the buffer onto the capillary. In the case of fused silica, the surface silanol groups (Si■p-

OH) are ionized negatively (Si-O*) at pH values above 3. The negatively charged silanol
3
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groups then attract positively charged cations from the buffer. This forms an inner layer
o f cations at the capillary wall. These cations are not of sufficient density to neutralize all
the negative charges. Therefore, an outer mobile layer forms. When an electric field is
applied, the outer mobile layer of cations is pulled toward the negatively charged cathode.
Since these cations are solvated, they drag the bulk buffer solution with them, thus causing
EOF.
Between the two layers is a plane o f shear, where electric imbalance is created.
This unbalance in potential across the layers is termed the zeta potential (Q. The EOF is
proportional to £, which is proportional to the thickness of the double layer. The zeta
potential is given by

1.5

where S is the thickness of the diffuse double layer, e is the charge per unit surface area,
and (, is the dielectric constant of the buffer.
1.13 The Flow Velocity and Mobility o f EOF
The velocity of the EOF, i)£0F, is given by

1.6

4
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where E is the applied electric field in volts/cm and r\ is the viscosity of the buffer. The
EOF mobility (|i£0f) of the buffer is given by

%

1.7

The time required for a solute to migrate is the migration time, which is used to calculate
the apparent solute mobility (n0) using.

J__IL
tE~ tV'

.

1.8

where pa= p , + \iE0F, V = applied voltage, / = effective capillary length (to the detector),
L = total capillary length, and t = migration time.
The value of

dependents on buffer characteristics, i.e., dielectric constant, pH

and concentration (which influences Q, and the applied electric field (£). Increasing the
voltage leads to an increase in EOF and reduces migration times, leading to a shorter
analysis time. In addition, raising the voltage provides higher separation efficiencies.
Higher voltages lead to higher currents and increased Joule heating, which leads to poorer
separation efficiencies. Similarly, higher buffer pH increases the EOF, primarily because
at higher pH, there is more dissociation of Si-OH functional groups to Si-O* on the inner
capillary wall. However, at a pH of approximately 2, there is no EOF in a fused silica
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capillary because most of the silanol groups are protonated and the net surface charge is
neutral.
1.1 A Modes o f Capillary Electrophoresis
Just as high performance liquid chromatography (HPLC) has different modes of
chromatography, including reversed phase, normal phase, ion exchange, size exclusion,
hydrophobic interaction, and affinity, CE also has different modes. The two most often
used modes of CE are capillary zone electrophoresis (CZE), and electrokinetic
chromatography (EKC). Capillary gel electrophoresis (CGE), capillary isoelectric focusing
(C1EF), and capillary isotachophoresis (CUP) are the other modes of CE. CZE, EKC, and
CGE are zonal types of CE. CIEF is considered a focusing technique. However, CTTP is
a moving boundary or displacement technique, hi CZE, the capillary is filled with a buffer
o f constant composition, and the source and destination vials are filled with the same
buffer. This is in contrast to CIEF where the capillary is filled with a solution o f pH
gradient, and CFTP where leading and trailing buffers are placed in the capillary, hi EKC,
the solute to be separated is partitioned between a mobile phase and a pseudostationary
phase. When surfactants are used as pseudostationary phases, the technique is termed
micellar electrokinetic capillary chromatography (MECC) or micellar electrokinetic
chromatography (MEKC) [1,2] or more recently as micellar capillary electrophoresis
(MCE) [3]. When cyclodextrins are used as pseudostationary phases, the technique is
called cyclodextrin modified electrokinetic chromatography (CD-EKC). However, when
both cyclodextrins and micelles are used in the buffer, the technique is termed

6
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cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC) [4].
Cyclodextrins and micelles are two distinct classes o f organized media [5,6].
1.2 Organized Media
The term “organized media” refers to microorganized assemblies, which have the
ability to restrict the rotational and translational molecular freedom of the included
substrate [5,6]. Organized media such as bile salts and cyclodextrins are naturally
occurring materials. However, the distinguishing features of these materials have been
mimicked in recent years by synthetic host molecules that are capable of similar function.
Such hosts include calixarenes, cyclophanes, crown ethers, and more recently dendrimers
[7,8].
Over the last several decades, the field of molecular recognition has experienced
enormous growth. Investigations of noncovalent interactions between hosts and guests,
and the enormous potential of such interactions in the development of new applications in
various fields of science have been the driving force in research concerning this
interdisciplinary area [9,10]. bn particular, organized media have shown to have an
extended range of use [11-15]. Several applications of two kinds of organized media,
polymeric surfactants and cyclodextrins, will be outlined in this dissertation.
1.2.1 Surfactants
When the surface of a liquid is expanded, molecules that were originally in the
interior region ate brought out to the exterior. Work must be done to counteract the
attractive forces among these molecules and their neighbors. The interaction experienced
by surface-layer molecules results in a tendency for the liquid to minimize its surface area.
7
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The surface tension of a liquid can be defined as the amount of energy requited to expand
the surface by unit area.
The surface tension of aqueous solutions is generally close to that of pure water for
substances that do not preferentially collect at the air-water interface. In contrast, a
dramatic decrease in surface tension can result if the dissolved substance is a fatty acid or
a lipid. Any substance that causes a reduction in surface tension in this manner is called
a surfactant, i.e., surface active agent. Among the most effective surfactants are soaps
(salts of long-chain fatty acids) and denatured proteins. Surfactants consist of a polar
region, which is hydrophilic (water-loving), usually referred to as the head, and a non-polar
region, which is hydrophobic (water-hating), commonly referred to as the tail. Above a
certain concentration termed critical micelle concentration or CMC, surfactant molecules
form aggregates called micelles.
Micelles are aggregates of surfactant molecules that self assemble above the CMC.
Below the CMC, anionic surfactants, for example, behave as expected for charged
polymers. Above the CMC, however, the behavior observed is consistent with the
presence o f particles in the colloidal size range. Several generalizations can be made about
the state o f aggregation and charge of micelles at the CMC. First, all other things being
equal, the aggregation number n increases as the length of the hydrocarbon chain and the
amount o f added electrolyte (salt) increases. Second, those factors which increase n tend
to lower the CMC. Third, an assortment o f additional evidence suggests that at the CMC,
micelles are roughly spherical and relatively disperse. Finally, the addition of salt
decreases the CMC of ionized detergents, presumably, because the screen action of the
8
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simple analyte lowers the repulsive forces between the polar head groups, and less
electrical work is required in micelle formation.
Normal micelles form in aqueous solutions, with their hydrophobic hydrocarbon
chains directed towards the center of a sphere and the polar head directed outward forming
an interface with water. These micelles can be viewed as self-assembled macromolecules
with a hydrophobic core. Since the core of a micelle is hydrophobic, it can act as a host
forhydrophobiccompounds in aqueous solution, hi addition to micelle formation in water,
surfactant aggregates can also form in nonpolar solvents. In this instance, the polar head
groups are directed towards the center of a sphere while the hydrophobic tails extend into
the nonpolar solvent. These aggregates are termed reversed micelles, and can act as hosts
for hydrophilic compounds.
1.2.1.1 Kinetics of Micellization
Micelles exist as structures involved in a highly dynamic equilibrium, that are
constantly formed and dissolved, as demonstrated in some kinetic studies [16]. The
recognition of this dynamic equilibrium in experimental studies is of prime importance.
Micellization in water is expressed by the stepwise association-dissociation equilibria
[17,18] if micellization is thought as a chemical reaction:

2S~S2+S~S3~

Sn,

1.9

where S is the surfactant. The above equation postulates a distribution of

9
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monomers, dimers, trimers, and nmers. Therefore, a micellar solution will contain
aggregates with values of n from 2 to far above the average n value.
The law of mass action implies that a continuous distribution of species should be
present. Increasing the surfactant concentration should shift the equilibria in Equation 1.9
to the right Experimentally, large micelles do form sharply at the critical micelle
concentration (CMC)

in aqueous solutions, and to a good approximation, the

concentration of monomeric surfactant in solution varies little above the CMC. This type
of behavior is typical of phase equilibria. Whether a reaction equilibrium or a phase
equilibrium approach is adopted depends on the size of the micelles formed, hi aqueous
systems, the phase equilibrium model is generally used.
1.2.1.2 Thermodynamics of Micellization
Assuming a simple association equilibrium between surfactant monomers (5) and
micelles (AfJ of aggregation number it, we can write

nS-M n.

1.10

The micellization constant K is, therefore written as

[Ml

AT=i-=i.

[ST
The free energy o f micellization for a surfactant is given by

10
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1.11

-AG°=RTlnK,

1.12

where K is the same micellization constant defined in Equation 1.1.
Therefore, combining Equations 1.11 and 1.12 leads to

-AG °=RTln([Mn] - nln[SI).

1.13

The free energy for inserting one monomer unit into the micelle can be expressed by
dividing Equation 1.13 by the number of monomers such as

-AG 0=

n

n

On[Af] -nln[S]).

1.14

If n is large, then

AG ®=J?71n[S].

1.15

If the added surfactant monomers form new micelles above the CMC, then the
concentration of free surfactant monomers will be constant at the CMC value. Therefore,
[5] = [CMC], and Equation 1.15 becomes:

AG°=RTln[CMC].

11
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1.16

1.2.1 J Application of Micelles
The successful use of micelles in separations and spectroscopic methods is because
one can utilize micellar systems to differentially solubilize and bind a variety of solute
molecules. Therefore, micelles have been used extensively in UV-visible absorption [7],
molecular luminescence spectroscopy [9], chromatography [19,20], and in MCE [3].
Introduced in 1984 by Terabe, MCE is a form of EKC which has the ability to
separate charged and neutral compounds simultaneously [21]. Ionic micelles are the most
widely used pseudostationary phases in MCE. The selectivity in MCE is achieved through
differences in partitioning of the solutes in the micellar phase. The popularity of MCE is
a result of the advantages it has over CZE and high-performance liquid chromatography
(HPLC) as an analytical method for pharmaceutical and biomedical applications [22-26].
The high efficiencies and resolution achieved with MCE make it useful for the separation
of complex drug mixtures [27-30]. Conventional surfactants have a limited useful
concentration range, with the lower range contingent on the CMC and the higher range
dependent upon Joule heating. In addition, the concentration of surfactant depends on the
CMC, which varies with temperature and salt concentration [31-39].
The dynamic equilibrium between surfactant monomers and micelles makes it
difficult to determine the shape of micelles. Kammer and Elias [40] have attempted to fix
the micelle structure by polymerization with polymerizable end groups. This resulted in
a number of publications on polymeric surfactants [41-43].
1J2J2 Polymeric Surfactants
The synthesis of new, more rigid, highly ordered surfactants possessing universal
separation abilities, with capabilities to improve reproducibility of migration times of

12
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

analytes of interest and increase elution range is of great interest. Based on this
hypothesis JIara and Dobashi [44], and Wang and Warner [45] applied polymeric chiral
surfactants to EKC. According to Wang and Warner [45], polymeric surfactants, which
were introduced in the 1970's by Sprague andLarrabee [46], possess enhanced stability and
consistent size, because the covalent bonds between these surfactant aggregates eliminate

•Norm al (nonpotym erized) iricelle:solu te interactions

o^ sfe. S.
Polym erized surfactant:Solute in ten tio n s

0

S , solute; *denotes ch iral center,
Figure 1.2

denotes am ino a d d s o r dipeptides

Illustration o f the principle of surfactant, micelle, polymeric
surfactant, and solute interactions

13

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

the normal dynamic equilibrium, hi order to illustrate the usefulness of this approach in
chiral separation, Wang and Warner synthesized a polymeric chiral surfactant, poly
sodium N-undecanoyl-L-valinate (polyL-SUV), and its non-polymeric counterpart, sodium
N-undecenoyl-L-valinate (L-SUV).

A comparative study of their performance for

enantiomeric separation of chiral compounds inEKC was conducted. The peak efficiency
was markedly lower with L-SUV (N = 28073) than with poly L-SUV (N = 102240). The
higher peak efficiency in the case of poly L-SUV is believed to be a direct consequence of
better mass transfer. The improved mass transfer is thought to be because solutes do not
penetrate as deeply into the polymeric micelles, as compared to normal micelles
[41,46].The dynamics of conventional micelles also have a detrimental effect on peak
efficiency. This is because micelles do not maintain a definite configuration but are in a
efficiency. This is because micelles do not maintain a definite configuration but are in a
dynamic association-dissociation equilibrium with monomeric surfactants in the bulk water
phase (Figure 1.2). This association-dissociation equilibrium may affect chiral recognition
in micellar systems. In order to study this effect, the micelle-like polymer poly L-SUV was
synthesized and tested as a chiral selector in EKC by Dobashi et al. [47]. According to
Dobashi et a i, the hydrophobicity of this micelle-like polymer was lower than that
observed forN-dodecanoyl-L-valinate (SD val) micelles [47]. The authors considered this
to be an indication of the greater degree of water penetration into the interior region of this
polymer, which still exhibits sufficient hydrophobicity to entrap enantiomeric solutes.
However, it is unlikely that water penetrates into the hydrophobic core of the micelle-like
polymer. Owingto its partial ionic and polar nature, water molecules tend to associate with
14
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one another to foim a lattice structure stabilized by ionic interactions. Non-polar moieties
of molecules such as the hydrophobic core of the micelle-like polymer will not fit in the
lattice structure. In addition, it has been recently shown that hydrophobic interactions in
micelle-like polymers are the most important part of chiral recognition for most analytes
[48]. The use of Dobashi’s polymer enabled the separation of 3,5-dinitrobenzoyl amino
add isopropyl esters, but with severe peak tailing that disappeared in the presence of urea.
Also, poly L-SUV synthesized by Dobashi et al. showed chromatographic resolution
behavior similar to that of L-SUV in EKC. In addition, the authors observed less
enantiomeric selectivity with the polymer (poly L-SUV) as compared to the monomeric
surfactant (L-SUV). They concluded that the micellar association-dissociation equilibrium
in non-polymeric micelles does not affect its chiral separation ability. It is interesting to
note that these observations are in contradiction with the results of Wang and Warner [45].
The differences in observations by the two research groups may be due to the polarity of
the analytes investigated and to the polymerization techniques used. These techniques are
discussed next.
1.2.2.1 Synthesis of Polymeric Surfactants
hi our laboratory, undecylenic acid is reacted with N-hydroxysuccinimide in the
presence of dicyclohexylcarbodiimide to produce an ester and dicyclohexylurea [45]. The
ester is then reacted with the sodium salt of a single amino acid or dipeptide in the presence
of sodium bicarbonate to form the corresponding salt of sodium N-undecenoyl-L-amino
adds (SUAA) or LL-dipeptide (Appendix A). These monomeric surfactants are then
polymerized (above the CMC) in 0.1 M or 0.05 M aqueous solutions using gamma
15
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polymerized (above the CMC) in 0.1 M or 0.05 M aqueous solutions using gamma
radiation from a “ Co source to provide polymeric surfactants (Appendix B). Leydet et
a/. [49] used an identical procedure to synthesize similar polymeric surfactants.

In

contrast, Dobashi et a/. [47] prepared N-(10-undecenoyl)-L-valine (SUVAL) and N-(10undecenoyl)-L-threonine (SDTHR) by reacting L-valine and L-threonine with 10undecenoic acid, and N-hydroxysuccinimide ester in a procedure previously published by
Guttman et ed. [SO]. Earlier this year, Fujimoto et a\. [SI] synthesized poly sodium 11acrylamidoundecanoate [poly(Na 11-AAU)] according to the procedure of Yeoh et al.
[52]. The polymer was prepared by free radical polymerization in water as described by
Fujimoto et a/.[51]. The negative charges on these anionic polymeric surfactants induce
excluded volumes which make their characterization very challenging.
1.2.2.2 Characterization of Polymeric Surfactants
The most important feature distinguishing polymers from low-molecular weight
species is the existence of a distribution of molecular weights in most known polymers,
with the exception of some biological macromolecules. Because of the existence of the
distribution in any finite sample of polymer, the experimental measurement of molecular
weight can give only an average value. The most accepted molecular weight distribution
ranges are termed number molecular weight (Mn), weight molecular weight (Mw) and zmolecular weight (Mz). Number molecular weights of commercial polymers lie in the
range o f10,000-100,000 gfmol, although some materials have Mn values which are 10-fold
higher, and others 10-fold lower, b most cases, however, the physical characteristics
associated with typical high molecular weight polymers are not well developed if Mn is
16
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below 10,000 g/mol. After Mn, higher average molecular weights can be measured by
absolute methods to determine Mw, a more useful parameter than M i in correlating such
important polymer properties as viscosity or toughness. It should also be noted that Mw
is the quantity determined in such characterization techniques as light scattering and
analytical ultracentrifugation (AUC). The ratio of Mw to Mn is a measure of the broadness
of a distribution, since each is influenced by an opposite end of the population. The ratio
Mw/Mn is termed the polydispersity index.
Leydet et al. [49] reported that polymerization of m-unsaturated surfactants lead to
molecular weights in the range of 6000-10000 g/mol by use of gel permeation
chromatography (GPC). Dobashi et al. [47] estimated Mw and Mw/Mn of poly L-SUV
by aqueous GPC analysis with pullulans as molecular weight calibration standards. They
obtained the following values for Mw (g/mol) and Mw/Mn: (a) 11,600 (1.06) without salt,
(b) 12,900 (1.05) with 0.1 M NaCl, and (c) 13,600 (1.06) with 0.3 M NaCl.

These

numbers are questionable because although pullulans are widely used standards in GPC,
they are not appropriate standards for the characterization of non ideal species such as
polymeric surfactants. The Mw obtained from light-scattering data was 69,300 g/mol in
25 mM phosphate-borate buffer, corresponding to an aggregation number of227. Fujimoto
et al. [51] obtained a very high molecular mass (>106) by using GPC coupled to a light
scattering detector.
1.2.2.2.1 Analytical Ultracentrifugation (AUC)
Analytical ultracentrifugation (AUC) provides numerous advantages over GPC in
providing molecular weights because it is a diffusional process based on rigorous
17
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thermodynamics as well as mass, energy, and momentum balances. Therefore, the
technique is well suited for study of non-ideal species such as the polymeric surfactants
used in this research.

The basis of this technique is sedimentation, a transport

phenomenon. Sedimentation is defined as the state at which the total potential of any
component in a solution being centrifuged is constant and the temperature is uniform

Solution
Bottom

Meniscus

Air

Figure 1 3

The sector-shaped ultracentrifuge cell
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throughout the ceil. In diffusion, solute molecules move from a higher concentration to a
lower one, while sedimentation reverses the process. Equilibrium is reached when the rate
of diffusion is balanced by the rate of sedimentation. The two modes of analytical
ultracentrifugation are sedimentation equilibrium and sedimentation velocity. These modes
are explained in detail in the following paragraphs.
Sedimentation Velocity. Particles suspended in a solution are pulled downward
by the earth’s gravitational force. This movement is partially offset by the buoyancy of the
particle. The earth’s gravitational force is weak. As a result, a solution containing
macromolecules is usually homogeneous due to the random thermal motion of the
molecules. The rate of sedimentation of the particles increases with the mass of the particle
and with the strength of the gravitational field. Under the influence of a stronger
gravitational field, the centrifugal force acting on the solute particle of mass m is mco2r,
where to is the angular homogeneous due to the random thermal motion of the molecules.
The rate of sedimentation of the particles increases with the mass of the particle and with
the strength of the gravitational field. Under the influence of a stronger gravitational field,
the centrifugal force acting on the solute particle of mass m is mto2r, where to is the angular
velocity of the rotor in radians per second, r is the distance from the center of rotation to
the particle, and to2r is the centrifugal acceleration of the rotor. As a result, the solute
concentration increases toward the bottom of the cell as shown in Figure 1.3. The cell is
filled with a solution which extends from r = ra to r = r*. At the boundary at r = ra, the
solution is in contact with an air bubble so that we have at this position a liquid-air
interface, which is called the meniscus. The air bubble is admitted into the cell at
19
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atmospheric pressure while filling and before sealing the cell. As a result, the pressure of
the solution at the meniscus is maintained at that of the atmosphere even though the rotor
spins under vacuum. Theboundaryatr=r»iscalledthecell bottom. The distance between
ra and rb is referred to as the length of the solution column.

The particle’s buoyancy as a result of the displacement of the solvent molecules by
the particle must also be considered in addition to the centrifugal force. In fact, this
buoyancy reduces the force on the particle by <o2r times the mass of the displaced
solvent. Thus the net force on the particle is given by

netforce-centrifugalforce-buoyantforce

1.17

netforce=Gprm-<s>2rms

1.18

or

or

netforce= co2 r m

2

- co r V p .

1.19

The buoyant force is equal to the centrifugal acceleration times the mass of displaced
solvent, mp and V and p are the volume of the particle and the density o f the solvent,
respectively.

20
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A net force acting on a particle would cause it to accelerate, according to Newton’s
second law of motion. In the case of sedimentation velocity, the initial acceleration lasts
a very short time, 10'19sec, after which the particle moves at a constant velocity. This is
because the medium exerts a frictional force on the particle, which is proportional to the
sedimentation velocity (dr/di). The force is equal to the product of the frictional coefficient
(f), proposed by Einstein, and the sedimentation velocity (dr/dt). At steady state, the
frictional force is equal to the net force, i.e.,

1.20

The volume of the particle is a difficult quantity to measure. For convenience, a term called
partial specific volume, Vbar, is used. The term Vbar is defined as the increase in volume
when 1 g of the dry solute is dissolved in a large volume of the solvent. Equation 1.20 can
be rewritten as

1.21

or

/^ = © 2m i(l -p *Wot).
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1.22

The quantity mVbar is the incremental volume increase when one molecule of mass m is
added to the solvent and is equal to the volume V of the particle. Rearrangement of
Equation 1.22 gives

5

M
dr
(l-p*V&ar)
dt _m (l-p*Vbar)_ N0

1.23

/

/

where Af is the molar mass of the solute and N0is Avogadro’s number. The quantity on the
left side of Equation 1.23 is called the sedimentation coefficient (s), which has the unit
Svedberg, named after the pioneer in ultracentrifuge studies. Svedberg applied the
ultracentrifuge to the study of colloid systems while he was a visiting professor at the
University of Wisconsin in 1923.

One Svedberg is equal to 10'13 sec. For spherical

molecules, the frictional coefficient ( / ) is given by Stokes’ law

f=(m\rs,

1.24

where r, is the radius of the solute molecule. From Equation 1.23,

1-p *Vbar

22

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

1.25

Alternatively, according to the Einstein relationship, we can write

/= — •

1.26

Substitution for frictional coefficient in Equation 1.2S leads to

KT
D
M=sNl-p*V bar

1.27

Since D and Vbar cm be determined by separate experiments, the only quantity that needs
to be measured in determining the molar mass is the sedimentation coefficient From
Equation 1.23, we obtain

dr
s*— .
m2r

1-28

Integration over the distance traveled by the particle from r - r o(t = 0 )to r = r (t = t) gives

tto2 r0
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1.29

Suitable optical means such as UV-absorbance, fluorescence, or refractive index
measurements are used to monitor the movement of sedimenting particles in a given time.
Sedimentation Equilibrium.

The general mathematical description of the

conditions for equilibrium between phases, either in the absence or the presence of an
externally applied force was set down by Gibbs well over a century ago. The first
experimental observations of a sedimentation equilibrium in an artificial system were made
by Jean Baptist Perrin at the Sorbonne University, Paris, France in 1908. The discovery
helped Perrin win the Nobel Prize for physics in 1926.
For high molecular weight organic polymers (and other macromolecules) in solution,
it is now obvious that to produce an equilibrium under reasonable experimental conditions,
it is necessary to apply an external field which is much stronger than that due to gravity
alone. This was the thought in the mind of Svedberg which led to the development of the
ultracentrifuge. The routes by which the basic essential working equations are obtained, not
only for sedimentation equilibrium, but also for sedimentation velocity have been suggested
by Fujita [S3]. In this introduction, a thermodynamic picture is illustrated. We consider
compressible thermodynamically well defined components, one of which is a liquid solvent
and others are solutes. A necessary and sufficient condition for the solution to be at
equilibrium is that the total potential p of the system be constant A potential (p) is given
as

1.30
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where pcis the centrifugal potential of one mole of a given component in the ultracentrifuge
cell and p2 is the chemical potential of the component. When spun at an angular velocity
a>, the unit mass of the solution at a radial distance r from the axis of revolution has a
centrifugal potential,

Hc=-fa>2Mrdr= - a 2^ — +constant,
*
2

1.31

where M represents the molar mass of the component mentioned above. At equilibrium,

p=pc+p2^constant.

1.32

In principle, this relation holds when each shell in the ultracentrifiige cell is taken to be
infinitesimally thin (Figure 1.3). hi this limit, Equation 1.32 yields

d^-=0.
dr

1.33

Combining Equations 1.32 and 133, we obtain

ai^+ai^=0.
dr

dr

Therefore, Equations 1.31 and 1.34 lead to
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1.34

In reality, transport of masses occurring in the system may be most rigorously treated by the
thermodynamics of irreversible processes, provided the system is not greatly removed from
equilibrium. We define flux (J) as the number of grams of a component per second, which
cross one square centimeter of a phase perpendicular to the direction of macroscopic motion
of that component Before equilibrium is established,

1.36

where L = mobility coefficient. Combining Equations 1.3S and 1.36,

J=-Ld^+LMa)2r.

1.37

The chemical potential of all components is a function of temperature, pressure, and
molarity as follows:

.Q -

The total differential equation can be expressed as
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1.38

4h-(d^KP,C)JT*(B^KT.C)JPHd^KWc-

1.39

From Equation 1.39,

a |1=O ^X P,c)a^*(3||x7',c)3^.»o^.K W ^dr

dT

dr

dP

dr

dC

dr

1.40

If molarity of all components is indifferent to the changes made,

d ^ V d P -S d T

1.41

where V, P, S, and T are molar values of the volume, pressure, entropy and temperature,
respectively. At constant temperature,

dT=0

1.42

and Equation 1.41 becomes:

d^V dP .

The volume V is then derived from Equation 1.43, i.e.,
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1.43

V=^l=M *Vbar,
BP

1.44

where Vbar= partial specific volume and M is the molar mass of a given component At
mechanical equilibrium, the pressure (P) in the cell is

1.45

where p is the solvent density, and Pa is the pressure at the air solution interface in the cell
(Figure 1.3). The distance between the meniscus and the axis of rotation is ra. From
Equation 1.45,

dP j
— =C0Pr-

3r

1.46

Combining Equation 1.44 and 1.46, we obtain

BP dr

=Af(p *Vbor)co2r.
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1.47

In the ideal limit,

0 - ^ rX T .P ) ^ cC
C

Combining Equations 1.37,1.40,1.47 and 1.48, we obtain

J=LM (o2r i 1- p * V b a r ) - l J ¥ ^ - .

C or

At equilibrium, no flux is observed. Therefore,

7=0.

As a result, Equation 1.49 becomes

0=LMco2K1 -p * Vbar) -L— — .
C dr

Rearrangement and integration of Equation 1.31 yields

Ca M(0 2{l-p*Vbar)(rb-ra)
In-—~----------------------------Cb
2RT
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If the absorbance is below 1.0, Equation 1.S2 is equivalent to:

Aa _ Afco2(l -p *V&ar)(r*-ra)
In—i 2RT

1.53

where A, andAb respectively represent the absorbance at the two radii, ra (meniscus) and rb
(any position in the cell); p is the solvent density; co is the angular velocity; R is the gas
constant; T is the temperature in Kelvin and M is the molar mass of the solute.
1.2.2.2.2 Partial Specific Volume
The partial specific volume was briefly defined earlier as the increase in volume
when 1 g of the dry solute is dissolved in a large volume of the solvent. A binary mixture
can be used to picture the calculation of the partial specific volume. If we consider a binary
mixture such as

i/
V
Vavg=—
n

1.54

where n = na + nb is the total number of moles, Vavg is the average volume (V) per mole.
The molar fractions of na and nb are xa and xb, and defined as

1.55

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The partial molar volume (VJ is defined as

Vb<d~ k * * 'T'P'

1.56

From Equations 1.54 and 1.56, we obtain

Vb~ n { d ^ ^ - ) n ,TJ*+Vavg(d-^—)na,TJi.
dnb ‘
dnb

L57

Using the chain rule leads to

g

Vavg _g Vavg^ xb _g Vavg xa
dxb n
dxk dnb
dnk

1.58

Combining Equations 1.57 and 1.58 yields

V=nd^

-— +Vavg
n

1.59

or

Vavg=Vb-d

Vavg.
a"
dxk

By definition, the sum of mole fraction is unity, i.e.,
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1.60

V V 5!.

1-61

dxa=~dxb'

1.62

From Equation 1.61, we derive

Combining Equations 1.60 and 1.62, we obtain,

Vavg=Vb+xad - jp&,

1.63

a

where Vb is the partial molar volume. Because we are interested in the partial specific
volume, we define

©fl=----- — .
ma+mb

1.64

<d, is the weight fraction of Component a while ma and mb represent the masses of
component a and b, respectively. Similar to Equation 1.63,

Vavg=— =—=Vbar+Giad—P—.
m p
otaa
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The Vbar values are determined by plotting the inverse of the density (1/p) of the solutions
as a function of the weight fraction (qjJ of the polymers.
1.2.2.3 Application of Polymeric Surfactants
Palmer et al. [54,53] first demonstrated the successful use of micelle polymers as
pseudo stationary phases in EKC separation of achiral molecules. The researchers achieved
separation of alkyl phthalates and polynuclear aromatic hydrocarbons (PAHs) using poly
sodium 10-undecylenate (poly SUA)[54,55]. In addition, poly-SUA was shown to have a
higher selectivity relative to micelles of sodium dodecyl sulfate (SDS). However, its
application was limited by the carboxylate headgroups, whose ionization influences the
electrophoretic mobility and solubility of the polymer at low pH values. Moreover, erratic
migration times and cloudiness of the anodic buffer vial after several runs were reported
[54,55]. These difficulties were overcome by Palmer andTerabe [56,57] who synthesized
a polymeric micelle with a sulfate head group, poly (sodium undecyl sulfate) (poly-SUS).
Similar to its carboxylate analog, poly-SUS modified with high concentrations of organic
solvents was found to have separation powers superior to those of conventional SDS
micelles. Despite the difference in chemistry of their ionic groups, the two polymers (polySUA and poly-SUS) exhibit analogous chemical selectivity for amine and hydroxyl
aromatic compounds. Nevertheless, the use of potassium persulfate as a free radical
initiator for polymerization induced low synthetic yield and contaminations of the product
with sulfate [54,55].
The same polymer (poly-SUS) was synthesized by Shamsi et al. [58] using yirradiation to initiate polymerization. This polymer, alone and in combination with 0- or
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Y-

CD, provided separation of PAHs and a variety of substituted benzene and naphthalene

compounds. Separation of PAHs using micelle polymers of sodium undecylenic acid in the
presence of acetonitrile, acetone, and tetrahydrofuran (THF) have been reported by Moy et
a l [59]. These workers reportedly separated 16 PAHs with THF as a co-additive within 48
minutes. However, not all of the 16 PAHs were baseline resolved. Shamsi et al. [58]
previously reported even more rapid separation of the 16 PAHs by increasing the
acetonitrile concentration in the buffer to 65 % (v/v).
A complete overview of the application of polymeric surfactants in EKC chiral
separation can be found in recently published reviews from our laboratory [60-64]. The
emphasis of this introduction is on the pharmaceutical application of polymeric chiral
surfactants in EKC. The separation of enantiomeric mixtures into individual optical isomers
is very important to the pharmaceutical industry. For example, it is now well established
that the pharmacokinetic characteristics of individual enantiomers of drugs are different
[64]. Serious physiological problems may result from such differences. Therefore, various
chromatographic methods for chiral separation and purification have been developed [6467].

The following is a discussion of the use of polymeric chiral surfactants for

enantioseparation of chiral drugs using EKC.
The enantiomers ofD,L-laudanosine, a cationic biosynthetic precursor of morphine,
were separated using poly L-SUV, a single amino acid chiral surfactant, as a
pseudostationary phase [45]. The effect of pH on the enantiomeric separation of
laudanosine was investigated. The enantiomers were only slightly resolved at pH 9. An
approximate baseline resolution (Rs=1.2) was obtained at pH 10. The effect o f pH on the
34

permission of the copyright owner. Further reproduction prohibited without permission.

conformation of polymeric surfactants has been previously investigated by Chu and
Thomas [68]. They demonstrated that at lower pH, the anionic polymeric surfactants
examined in their study had a compact conformation. At higher pH, the highly negatively
charged polar heads of the polymeric surfactants may induce a looser conformation due to
electrostatic repulsion.
Agnew-Heard et al. [69] also used poly L-SUV to separate paveroline analogs
Oaudanosine, laudanosoline and norlaudanosoline). No baseline separation was observed
underneutral oralkalineconditions for all three cationic paveroline analogs. The selectivity
was enhanced using a coated capillary for norlaudanosoline. In contrast, enantioseparation
could not be obtained with the coated capillary for laudanosine. Warfarin, a coumarinic
anticoagulant drug used for the treatment of thromboembolic diseases, and coumachlor, an
analog of warfarin, were separated by Agnew-Heard et al. [69] using poly L-SUV as well.
Encouraged by the initial success of the single amino acid based polymeric
surfactants, Warner’s research group now included the investigation of polymeric dipeptide
surfactants. Shamsi et al. [70] compared the enantioselectivity of the polymeric dipeptide
surfactant sodium N-undecanoyl L,L-valyl-valinate (poly U L-SU W ) to the single amino
acid based polymeric surfactant poly L-SUV forthechiral separation of propranolol (PROP)
andalprenolol (ALP), which are two basic drugs called p-adrenergic blockers (p-blockers).
Chiral recognition was significantly enhanced with polyL,L-SUVV as compared to that of
poly L-SUV.
Four different optical configurations of poly sodium N-undecanoyl-L-Ieucyl-Ieucinate
[(polyLX-SULL), (polyLJD-SULL), (polyD^-SULL), (polyD JJ-SULL)] wereexamined
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[48] as a diagnostic tool to investigate chiral molecular interactions via EKC. The single
amino acid surfactants of opposite optical configuration, poly-L-SUL and poly-D-SUL were
used to determine the elution order of the enantiomers. The R form of both ALP and PROP
eluted first in the case of poly D-SUL. However, a reversal of elution order was observed
by replacing poly D-SUL with poly L-SUL. As expected, a reversal of enantiomeric order
was also observed for poly LJL-SULL as compared to poly DJ5-SULL. A comparison of
the electropherograms showed that a similar elution order was observed for the enantiomers
of ALP and PROP for poly D-SUL, poly DJD-SULL and poly LJ)-SULL (i.e. the S-form
of both ALP and PROP always eluted first). In contrast, the S-form elutes last in the case
of poly L-SUL, poly L.L-SULL and poly D.L-SULL. From this it can be inferred that the
chiral recognition of ALP and PROP occur primarily at the C-terminal amino acid of the
polymeric dipeptide surfactants. Comparison of the resolution of the enantiomers of ALP
and PROP with dipeptide surfactants (polyL,L-SULG and poly L,L-SUGL) containing one
chiral center supported the evidence of the preferential interaction of ALP and PROP with
the outside (C-terminal) amino acid. As a result, the studies suggest that the cationic drugs
(ALP and PROP) interact preferentially with the outermost amino acid of the dipeptide
surfactant.
In order to further investigate the synergistic effect of additional chiral centers,
Haddadian et al. [3] compared the chiral separation ability of poly sodium N-undecanoyl
LX-i soleucyl-valinate (poly LJL-SUILV) (three chiral centers) and poly sodium Nundecanoyl-LJL-leucyl-valinate (poly I*L-SULV) (two chiral centers). Both polymeric
surfactants contain valine as the C-terminal amino acid. The obvious difference is then in
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the N-tenninal position. Leucine has only one chiral center while isoleucine has two.
Therefore, any differences in chiral recognition generated by the two pseudostationary
phases can be attributed to the N-terminal amino acids. In addition to possessing an extra
chiral center, the a-chiral carbon of isoleucine in poly L.L-SUILV is more sterically
hindered. The a-chiral carbon of isoleucine is attached to a sec-butyl group, while the achiral carbon of leucine is attached to an isobutyl group. Thus, it can be inferred that the
N-terminal a-chiral center on poly I^L-SUILV is more sterically hindered than the Ntenninal a-chiral center on poly LX-SULV.
No significant differences in the enantiomeric resolution between the polymeric
pseudostationary phases were observed for the separation of PROP, ALP, oxpienolol (OXP),
gluetethimide (GL), and aminoglutethimide (AGL). Poly LrSULV separated temazepam
(TM) better than poly L-SUILV. In contrast, lorazepam (LR) and oxazepam (OX) showed
an improvement in chiral recognition with poly L.L-SUILV as compared to poly I^L-SULV.
In order to gain a better understanding of chiral recognition with polymeric
surfactants, Haynes et al. [71] compared polymeric dipeptide surfactants which differed by
an OH group on the polar head. To do so, they synthesized poly sodium N-undecanoyl L,Lseryl-leucinate (poly I*L-SUSL), poly sodium N-undecanoyl I^L-threonyl-leucinate (poly
LX-SUTL), poly sodium N-undecanoyl I^L-valyl-leucinate (poly LX-SUVL), and poly
sodium N-undecanoyl LJL-alanyl-leucinate (poly UL-SUAL). The difference between poly
LJL-SUAL and poly UL-SUSL is the -OH group attached to the polar head of the latter
polymeric pseudostationary phase. Similarly, poly LJL-SUVL and poly UL-SUTL differ by
an -OH group attached to the polar head of poly UL-SUTL. hi addition, polyI*L»SUTL
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contains three chiral centers. The enantioselectivity of polyLX-SUAL and poly L*L-SUSL,
as well as poly I^L-SUVL and poly L.L-SUTL were compared for the enantiomeric
separation of TM, LR and OX. They concluded that the presence of an extra heteroatom and
the synergistic effect of three chiral centers on the polar head of poly I^L-SUTL enhanced
chiral resolution. The comparison of poly LJL-SUAL and poly L.L-SUSL did not provide
a satisfactory conclusion in their study.
1.23 Inclusion Compounds
Another form of organized media are inclusion compounds, which are defined as the
linkage by noncovalent forces between two or more different molecules. Inclusion
compounds may be grouped according to the complexation phenomenon, namely the
clathrate, channel, and layer type. The clathrate type is the one in which the guest molecules
are caged in discrete cavities. The channel type contains guest molecules that crystallize in
continuous canals. The layer type is one in which the guest molecule is situated between
parallel bands of host structure. The host molecules can be either organic or inorganic.
Examples of organic hosts are cyclodextrins, crown ethers, and calixarenes, whereas
examples of inorganic hosts are clays and zeolites. For the purpose of this work, only
cyclodextrin systems will be explored.
133.1 Cyclodextrins
Cyclodextrins (CDs) comprise a family of cyclic oligosaccharides obtained from
starch by enzymatic degradation. The molecules were discovered at the end of the
nineteenth century [72]. However, Schardinger made the first detailed account of their
preparation and isolation in the beginning of the twentieth century [73]. Because of the
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non-specificity of the enzymes involved in the preparation process, the product contains a-,
P-, and y-CDs, [Figurel.4] which contain six, seven and eight glucopyranose units,
respectively, with small amounts of higher analogues consisting of up to 13 glucose units
[74]. The cavity diameters of a-, p-, and y-CDs are approximately 5.9,7.8 and 9.5

A.

Hydrophobic guest molecules through size and geometrical considerations can selectively
be incorporated into CDs. hi addition, CDs are water soluble, non-reducing, and relatively
homogeneous materials. The important physical properties of three common CDs appear
in Table 1.1. The average distance between the 0(2) and 0(3) (Figure 1.4) atoms of
adjacent glucopyranose units for P-CD (2.8 A) increases the strength of the intramolecular
hydrogen bonding network for this molecule. Moreover, the odd number of glucopyranose
units (seven) seems to allow dimerization of the molecule in aqueous solution. Thus, the
aqueous solubility of P-CD is low relative to those of a-and y-CDs. The 0 (2 )-0 (3 ) bond
distances for a-CD are the largest of the three CDs. This weakens the intramolecular forces.

Table 1.1

Physical properties of a-, 0-, and y-cyclodextrins

Physical properties

a-CD

P-CD

y-CD

# glucose units

6

7

8

Molecular weight
(g/mole)

972

1235

1297

Cavity diameter

5.7

7.8

9.5

Cavity depth

7.8

7.8

7.8

Solubility
(g/lOOmL)

14.7

1.85

23.2

(A)

(A)
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of the hydrogen bonds. As a result, a-CDs are the most flexible of the CDs in so!ution.For
a variety of reasons, CDs are extensively utilized in analytical chemistry. The high electron
density prevailing inside the CD cavity can mobilize the electrons of the included guest
molecules, resulting in changes in various spectral properties of both the
guest and CD itself [75]. The effect of CDs on the spectral properties of guest molecules
has led to their use as reagents in various spectrometric analyses, including UV-visible
spectrophotometric analysts, fluorescence and phosphorescence methods, and nuclear
magnetic resonance spectroscopy. In electrochemical analysis, Cramer [76] reported that
adding CD to an aqueous methylene blue solution resulted in an increase of the redox
potential of methylene blue from 40.043 V to - 0.048 V at pH 7.0 and 8.0, respectively.
Recently, some attempts have been made to use the enhanced selectivity resulting from CD

Figure 1.4

Chemical structure of a-, fK and y-CDs
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inclusion complex formation for the polarographic/voltametric analysis of electroactive
guests [77]. In addition to their use in spectroscopy and electrochemistry, CDs and their
derivatives have received much attention in the field o f chromatographic separations. The
wide interest in the use of CD as a separation medium arises from the fact that CDs can offer
highly selectivity for chromatographic systems. For this reason, CDs find their use in
typically difficult separations o f enantiomers, diastereomers, structural isomers, and
geometric isomers, in all current types of chromatography [78].
Cyclodextrin Derivatives. The many attractive properties of CDs have led many
researchers to explore the synthesis and development of CD derivatives. These efforts have
been more prominent in the case of the less soluble P-CD (1.85 g/100 mL). As a result,
many derivatives of P-CD have been prepared by substitution of the primary and secondary
hydroxyl groups with different groups [77]. Methylation of CDs involves either all C2
secondary and C6 primary hydroxyl groups, or all hydroxyl groups at positions C2, C3, and
C6. The water solubilities of the di- and tri-methylated derivatives are 57 and 31 g/100 mL,
respectively. The synthesis of 3-O-monohystaminyl-a- CD, applied as an enzyme model,
has been reported [79]. Heptakis-(6-amino-6-deoxy)-P-CD and heptakis-(6-0-methylamino6-deoxy>P-CD have been useful in lowering cholesterol levels [77]. Heterogeneous
products with various degrees of substitution are obtained by hydroxypropylation of CDs.
The structure of these derivatives is amorphous, with water solubilities of more than 50
g/100 mL at 25 °C. However, ethylation of CDs leads to extremely low water solubilities.
Higher water solubilities are obtained with branched CDs. The CD polymers with molecular
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weights in the range of 3000-6000 g/mol have higher solubilities in water, whereas those
with much higher molecular weights form insoluble gels [80].
1.23 2 Complex Equilibria and Thermodynamic Parameters
The formation of inclusion complexes between guest molecules and CDs in solution
is described by the following relationship

CD+G**CD-G,

1.63

where CD, G, and CD-G represent the cyclodextrin, guest molecule, and inclusion complex,
respectively. The association constant (A}) and the dissociation constant (Kd) are described
by the following equations:

' [CDUG]

i.64

and

r _ l _[CD][G]
165

where [CD], [G], and [CD-G] are the equilibrium concentrations of the CD, guest, and
inclusion complexes, respectively. The association constants and the stoichiometric ratio
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of the complex formation can be determined by using the Scott and Benesi-Hildcbrand
relationships [76].
Applications of Cyclodextrins
The CDs and their derivatives have captured much attention in the field of
separations lately because their complexation is highly selective. Hydrophobicity and
shape/size of the guest molecule is the main driving force o f the inclusion complex
formation. This leads to the crucial importance of steric factors for the formation and
stability of CD inclusion complexes. The partitioning and binding of many hydrophobic and
hydrophilic organic molecules to the CD cavity can be much more selective than that to a
single solvent or to a single traditional stationary phase. This further heightens their
attractiveness to researchers. Two different approaches have been used for the employment
of CDs in HPLC: the use of chemically-bonded CD-silica as stationary phases [81-86]; and
the use of CDs as mobile phase additives in reverse-phase HPLC system [87,88].
The first use of CDs in electrophoresis was performed in the isotachophoretic mode
for the analysis of alkali and alkaline earth metals [89]. The most recent focus on the use
of CDs in capillary electrophoresis is in the area of enantiomeric separation [90]. Various
CD derivatives are also used in separations in order to change the selectivity and achieve
better resolution.
The ability of cyclodextrins (CDs) to form highly selective molecular inclusion
complexes with a variety of neutral and ionic organic species has led to their popularity in
chromatographic techniques, including CE [91]. However, the separation abilities of
naturally-occurring CDs are limited because CDs are neutral and migrate with the EOF. As
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a result, ionic CDs and cyclodextrin-miceUar capillary electrophoresis (CD-MCE) are often
used for chiral separations [92]. However, there are disadvantages of using CD-MCE.
Mainly, the surfactant monomers in the buffer partly complex with the CDs [93]. In order
to alleviate this problem, Wang and Warner investigated the use of polymeric surfactants
with CDs [94].

A combination of a polymeric chiral surfactant, poly (sodium N-

undecanoyl-D-valinate) (poly D-SUV) and y-CD was used by Wang and Warner for the
chiral separation of D,L-laudanosine and (+/-)-verapamiI. They demonstrated that the
enantiomeric separation of the four enantiomers using poly D-SUV and y-CD was better
than using either chiral selector alone. They also presented a modified EKC theory that
explained the synergistic effect on enantioselectivity using both chiral selectors in the same
buffer. No satisfactory resolution was observed by using either y-CD or poly D-SUV alone
within the concentration range of their study. However, both of the chiral compounds were
enantiomerically resolved when both y-CD and poly D-SUV were added to the buffer
solution.
The use of CDs in spectroscopic methods has also been explored. The high
electronic density inside the CD cavity can mobilize the electrons of the included guest
molecules. This results in changes in various spectral properties of both the guest and the
CD itself in various spectroscopic methods, including UV-visible, fluorescence,
phosphorescence, and nuclear magnetic resonance (NMR) spectroscopy [95].
1 3 Absorption of Light and M atter
A beam of white light which passes through a beaker of water remains white. The
light appears purple if potassium permanganate is added to the water. This exemplifies the
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interaction between radiant energy and matter. A transition of a molecule or atom from a
lower energy to a higher energy state is the basis of all methods of absorption spectroscopy,
including infrared (IR) absorption, x-ray absorption, and NMR. An atom or molecule may
also descend from a higher energy state, or eigenvalue, to a lower one. This transition is
usually accompanied by the emission of radiant energy, which is the basis of all methods of
emission spectroscopy, such as molecular fluorescence, x-ray fluorescence, flame
photometry, emission spectroscopy, and inductively coupled plasma.
1.3.1 Absorption Laws
When a beam of light passes through a solution that absorbs radiation (Figure l.S),
a certain amount of light is absorbed by the solution. The quantity o f light absorbed is well
defined and follows definite physical laws. If, for example, the intensity of a beam of
monochromatic radiation passing through a solution is I0, the intensity of the radiation
emerging from the solution is I,. The ratio of I, to l0 is known as the transmittance (7), and
the relationship is described mathematically as

Figure 1 5

Absorption o f radiation
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1.67

If instead of examining this phenomenon in tenns of the amount of light transmitted, we
examine it in terms of how much light is absorbed, we introduce the term absorbance (A),
which is defined as
1-3-2 Beer-Lam bert Law
The relationship in Equation 1.67 is the basis of Lambert’s law. For a solution of
unit concentration, Lambert described the relationship as the product of the absorptivity (a)
of the liquid, and the optical path length (b). Furthermore, Lambert showed that there is a
logarithmic relationship between T and b. A similar relationship holds between T and the
concentration (c) o f a solution (Beer’s law). A combination o f Beer’s law and Lambert’s
law gives rise to the Beer-Lambert law, which is expressed as

1.68

1.4 Luminescence Principles
If certain molecules in solutions or paints are scanned with a UV light, they give off
visible light. These molecules are said to fluoresce. Anenergydiagramof this phenomenon
known as the Jablonski diagram is shown in Figure 1.6. According to this diagram, when
absorption of energy takes place, the molecules are electronically excited from a ground
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Figure 1.6

The Jablonski diagram

state energy level (E„) to an excited state energy level (Et). While in the excited state, the
molecules loose vibrational energy and descend to the lowest vibrational energy level. The
molecules then fluoresce, emitting radiation of a longer wavelength than that absorbed, and
finally descend to the lowest electronic level. This process is very rapid, but if for some
reason a molecule collides with other molecules while it is excited, it is possible for this
molecule to transfer its energy during the collision and emit radiation. This is called
quenching. Quenching by collision with solvent molecules can be reduced by decreasing
the temperature, thus reducing the number of collisions per unit time. The same reduction
can be achieved by increasing the solution viscosity. For example, adding glycerine to a
solution is known to increase its viscosity.
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1.4.1 Fluorescence Intensify and Concent
The intensity of fluorescence is proportional to the amount of light absorbed. That
is,

1 -—= l-1 0 'flic.

1.69

Multiplying Equation 1.69 by !<,, we obtain

But, l0 - 1, is the amount of light absorbed. Therefore,

F=(/0- / i ) ^ ,

1.71

where 4>is the quantum efficiency and F is the fluorescence intensity. Combining Equations
1.70 and 1.71, we obtain

1.72
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1.4.2 Fluorescence Lifetime
In a given environment, a fluorophore can be characterized by its fluorescence
lifetime. This parameter is a representation of the probability of finding a molecule in the
excited state at a given time. The parameter is derived by letting n0 be the number of
molecules in the ground state. In addition, we assume that the only route to return to the
ground state is by emission of light. As a result, at tim er, the rate of molecules emitting per
second is proportional to nn which is the number of molecules in the excited states as

~ ~ K + n t,
dt
1

1.73

where kf is the fluorescence rate constant. Integrating equation Equation 1.73 from t = 0 to
t gives:

nf=n0*exp(-fy).

1.74

If we consider Q = rate of emission of light, we obtain

QSQ0*e x p (--).
T
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1.75

As a result, fluorescence intensity decays exponentially. If we define the mean radiative
lifetime o f fluorescence as tr= 1 !kp we may write

Q=G„*exp(-ty).

1.76

1.4.3 Polarization
The rotational motion of a fluorophore can be measured by using the fluorescence
anisotropy technique. This technique is especially important because it allows one to study
binding interactions [96,97], microviscosities of membranes and cells [98], and
conformational changes in DNA [99, 100]. The fluorescence polarization (P), or the
fluorescence anisotropy (r) describe the degree of polarization of light emitted from a
fluorescent molecule.

1.4.4 Depolarization
Depolarization is caused by several mechanisms. These mechanisms are classified
as intrinsic (molecular) and extrinsic (environmental) mechanisms. In the case o f a dilute
isotropic solution of a fluorescent species, once photoselection and excitation has occurred,
the molecule will reside in the excited state for a certain time, prior to fluorescence
emission. The amount of time the molecule spends in the excited state depends on the
fluorescence lifetime and on the anisotropy. Perrin established the following correlation
between the fluorescence lifetime, the rotational rate of the molecule, and the anisotropy

1.77
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where ra is the intrinsic anisotropy, r is the measured anisotropy, t is the fluorescence
lifetime, and q>is the rotational correlation time of the molecule [101].
The size of a molecule and the viscosity of the medium mostly determine the
rotational diffusion of a molecule. As a result, fluorescence anisotropy can be used to
evaluate the molecular weight of fluorophores. In the case of a spherical molecule, rotary
diffusion (D0), is given by

where k is the Boltzmann constant, T is the temperature in Kelvin, q is the viscosity of the
solution and V is the volume of the rotating body, which is equal to the sum of the volume
of the particle and that of the hydration sphere.
Three rotational correlation times, <plt <p2, and <p3 can depict the rotation about three
axes. In the case of a spherical particle, the three rotational correlation times are identical,

1.79

Combining Equation 1.78 and 1.79, one obtains:

1.80
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This equation applies to a single molecule. la the case of molecules in Avogadro’s
description, Equation 1.80 can be rewritten as

m i\V
RT

1.81

where R is the ideal gas constant. Equation (1.77) then becomes:

ro
t .R T x
— =1+—
r
V n

1. 82

Plotting 1/r as a function of Tli\ allows one to determine the intrinsic anisotropy (r0) of a
fluorophore. In addition, if the lifetime (t) of the fluorophore is known, the volume of the
particle can be calculated.
1.5

Scone of this Dissertation

In this dissertation, the applications of two kinds of organized media, polymeric
surfactants and cyclodextrins, in capillary electrophoresis and spectroscopy are evaluated.
Although polymeric surfactants have been used as pseudostationary phases for a decade,
their fundamental properties and aggregation behavior are poorly understood. Moreover,
there are no studies on the thermodynamics of the interaction of ligand/polymeric surfactant
complexes, information that is of prime importance for rational design of polymeric
surfactants forinteraction with specific solutes, finChapter 2, analytical ultracentrifugation
and densitometry are used to characterize the solution behavior of polymeric surfactants.
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Measurements of thermodynamic parameters (i.e., enthalpy, entropy, and free energy
exchange) of polymeric surfactants:analyte complexes are performed using chiral EKC in
order to better understand the mechanism of pseudostationary phase/analytes interactions.
Understanding the underlying mechanisms of chiral separations in CE requires a detailed
molecular-level picture of the forces which favor complex formation and manage the
stereoselectivity in intermolecular selector-selectand interactions.

In addition, the

calculation of the optimal concentration of a chiral selector can be performed by knowing
the binding constant o f each enantiomer to the selector. In this research, Chapter 3 describes
the interactions of polymeric surfactants with binaphthyl derivatives by means of NMR and
fluorescence spectroscopy.
Chapter 4 describes a method developed to separate IS bile acids by CD-CZE with
indirect photometric detection. The performances of two UV-absorbing electrolytes,
adenosine monophosphate and naphthalenedisulfonate, were evaluated and compared. The
influences of several parameters such as pH of the UV-absorbing electrolyte, column
temperature, and concentration of methanol on migration time, resolution, and efficiency
were evaluated. Most importantly, the addition o f y-CD to the UV-absorbing electrolyte
produced shorter analysis time with better resolution and higher peak intensity of free and
conjugated bile acids.
In Chapter S, the formation of linear aggregates from the interaction of 2,5-bis-(4methylphenyl)oxazole (MPPO) with y-CD was explored. In addition, NMR was used to
show the complexation of MPPO and y-CD, and dynamic light scattering (DLS), and
fluorescence spectrscopy quantified the formation o f linear beads.
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Chapter 2
Characterization and Thermodynamic Studies of the Interactions of Two Chiral
Polymeric Surfactants with Model Substances: Phenylthiohydantoin (PTH)Amino Acids
2.1 Introduction
Recently, achiral [1-6] and chiral [7-12] polymeric surfactants have been used as
pseudo-stationary phases for analytical separation techniques such as electrokinetic
chromatography (EKC). However, investigations of their fundamental properties and
aggregation behavior are poorly understood. In addition, there are no studies on the
thermodynamics of the interaction of ligand-micelle complexes; information which is
essential for rational design of micelle polymers for interaction with a specific solute.
These research efforts have been centered around the synthesis and characterization
of chiral polymeric surfactants for EKC. The analytical characterization, in particular the
determination of molecular weights of these polymeric surfactants, is difficult because
they often have a poorly defined conformation in solution, including a capacity to trap and
entrain surrounding solvent molecules. This results in high exclusion volumes and hence,
non-ideal thermodynamic behavior [13]. Gel permeation chromatography (GPC) has been
used to characterize similar polymers in the past [14-16]; however, the non-availability of
structurally similar standards for calibration, negatively affects its reliability. The recent
coupling of GPC with a light scattering detector for size determination has partially solved
this problem. However, for most macromolecules, sample clarification still remains a
problem due to light scattering interferences from dust particles.
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Analytical ultracentrifugation (AUC) provides numerous advantages over GPC
because it is a diffusional process based on rigorous thermodynamics as well as mass,
energy, and momentum balances. Therefore, the technique is well suited for study ofnonideal species such as the polymeric surfactants used in this study.
Sedimentation equilibrium and sedimentation velocity are the two usual modes of
analytical ultracentrifugation. hi the thermodynamically ideal case, Equation 2.1 has been
used in sedimentation equilibrium experiments to calculate the molecular weight of a
polymer.

Aa Afco2( l -p*Vbar)(rl~rl)
In— = .............

Ab

2RT

■

2.1

where Aa and Ab, respectively, represent the absorbance at the two radii, ra (meniscus) and
rb (any position in the cell); p is the solvent density; to is the angular velocity; R is the
ideal gas constant; T is the temperature in Kelvin; M is the molar mass of the solute; and
Vbar is the partial specific volume. The sedimentation coefficient is determined in
sedimentation velocity mode. It is an important parameter to measure because it relates
to a distribution of molecular weight [18,19,20]. When sedimentation velocity processes
are controlled by a high centrifugal force, diffusional processes become negligible. Hence,
the solute particles move rapidly toward the bottom of the centrifugal cell. In addition, the
centrifugal force on the surface is partially counterbalanced by the buoyant force of the
displaced solvent Thus, the net sedimentation behavior of molecules in a centrifugal field
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is described by the Svedberg Equation 2.2, i.e.,
M q-p*Vbar)
Nf

2'

where s is the sedimentation coefficient; p is the solvent density; ATis Avogadro's number,
Af is the molecular weight, Vbar is the partial specific volume, and / is the frictional
coefficient.
Terabe et al. [21] were the first to use the thermodynamic parameters of micellar
solubilization in micellar capillary electrophoresis (MCE) to establish a relationship
between the molecular structure of achiral solutes and the resulting thermodynamic
quantities. Recently, a similar approach was employed by Peterson and Foley[22] to show
that MCE is a useful and dependable technique for studying the thermodynamics of chiral
solute:chiral micelle interactions.
Phenylthiohydantoin (PTH)-DL-amino acids are important derivatives for
determining amino acid sequences of peptides and proteins. As a result, a number of
researchers have studied the enantiomeric separation of these compounds. Different
chromatographic techniques including HPLC [23,24] and GC [25] have been used to
analyse PTH-amino acids. The method of MCE for PTH-amino acid sequencing often
suffers from poor peak shapes. However, the addition of urea and methanol has improved
these peak shapes in a few applications [26-29]. Mixed micelles have also been employed
for the separation of PTH-amino acids, although a long separation time was required
[30,31]. More recently, MCE has been used to attempt to achieve complete separation o f
PTH-amino acids and applied to the area of protein sequencing [32,33]. Polymeric
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surfactants may offer significant advantages for enantiomeric separation of PTH amino
acids since they do not require the addition of copious amounts of urea and organic
solvents to the buffer.
The study reported in this part of my dissertation employed

analytical

ultracentrifugation and densitometry for characterization of the solution behavior of
polymeric surfactants. In addition, measurements of thermodynamic parameters (i.e.,
enthalpy, entropy, and free energy exchange) of the polymeric surfactant:analyte complex

CH,

Na

Figure 2.1

O

Na

O

Chemical structures of the repeating units of the chiral polymeric
surfactants: poly L-SUV (A) and poly L-SUT 9 )
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pn+DLvaline

norvaline

phenylalanine

PhenyithiohydBntoin4X.-An1noAcid
PTHOL-aa

tryptopnan

H

alpha airtnocBpryHc add

Figure 2.2

Chemical structures o f the chiral PTH-amino acids employed in this
study

are performed using chiral EKC in order to better understand the mechanism of micelle
poiymerranalyte interactions. Two polymeric surfactants, poly sodium N-undecanoyl-Lvalinate (poIyL-SUV) and poly sodium N-undecanoyl-L-threoninate (polyL-SUT) (Figure
2.1) are used as pseudostationary phases to evaluate the differences in thermodynamic
quantities due to a change in the structural feature of the PTH-DL-amino acids (Figure 2.2).
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As shown in Figure 2.1, two main structural differences can be observed for poly L-SUV
and poly L-SUT. The former polymeric surfactant contains only one chiral center while
the latter contains two chiral centers. Furthermore, poly L-SUT possesses an hydroxyl
group on the side chain which is capable of hydrogen bonding. Both polymers are
composed of surfactants which exist predominantly as monovalent ions at pH > 6 due to
a single ionizable carboxylic group.
2.2 Experimental Section

2.2.1 Materials
The analytes (±)-PTH phenylalanine, a-aminocaprylic acid, valine, and tryptophan
were purchased from Sigma (St. Louis, MO). The PTH norvaline was obtained from
Aldrich Chemical Co (Milwaukee, WI). All analytes were used as received. The reagents
H3B 03, NajHPO*, triethylamine, all purchased from Sigma, were of analytical reagent
grade and used as received for the preparation of background electrolyte solutions.
2 .2.2

Synthesis
The monomeric amino acid surfactants of sodium N-undecenoyl-L-valinate (L-SUV)

and sodium N-undecenoyl-L-lhreoninate (L-SUT) were synthesized according to a
procedure developed in our laboratory and reported elsewhere [7]. Polymerization of 100
mM solution of both surfactants was achieved by “ Co y-irradiation (70 krad/h), for 168
hours (total dose, 3-4 Mrad). Proton NMR was used to follow the polymerization process.
The disappearance of the olefinic signals at 5.8 and 5.0 ppm of both L-SUV and L-SUT
indicated complete polymerization. The broadening of the upheld peaks was an additional
confirmation of polymerization. Both polymers were dialyzed against bulk water using a
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regenerated cellulose membrane with a 2000Dalton molecular weight cut off. The dialyzed
products were then lyophilized to obtain the final products. The polymers were found to be
99+% pure as determined by elemental analysis.
2.23 Analytical Ultracentriftieatlon
These measurements were performed using an

"Optima XLA" Analytical

Ultracentrifuge from Beckman Instruments, Inc. (Palo Alto, California). The instrument
has a high intensity xenon flash light source and a grating monochromator that continuously
scans from 190 to 800 nm. The detection system was set to measure the absorbance at 230
nm. The flash lamp illuminated only a selected sample during scanning. A toroidally
curved holographic diffraction grating was used to select the wavelength and to collimate
the beam of light. Four-sector cells were used and data were acquired in 10 pm increments
in replicates of ten. Data were digitized and displayed as absorption as a function of radial
distance from the meniscus to the axis of rotation.
For sedimentation equilibrium measurements, sample volumes were 110 pL while
the solvent volumes were 125 pL. For sedimentation velocity measurements, the sample
and solute volumes were 400 pL and 425 pL, respectively. Data were collected at 25 °C
and at speeds o f20,000,25,000, and30,000 revolutions per minute. The temperature of the
rotor was controlled thermoelectrically to within ±0.5 °C. All samples had a polymer
concentration of 0.1 g/L. The absorbance versus the distance from the center of rotation
to any position in the sample column was collected at 720 minute intervals. Successive
scans of the cell were compared graphically using the XL-A software to ensure that the
samples reached equilibrium.
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2.2.4 Densitometer
A high precision densitometer (model DMA58), purchased from Anton Paar USA
(League City, TX), was used to perform density measurements. Air and water were used
for calibration. Precision of the temperature-controlled system was better than ±0.005 °C.
2.2.5 Preparation of PTH-Amino Add Standard
All stock solutions of PTH-amino acids standards (1 mg/mL) were prepared using
amixture of 90 % (v/v) methanol and 10 % (v/v) triply deionized water (U.S. Filter, Lowell,
MA). These samples served as stock solutions. The model test solution, which contained
a mixture of 5 PTH-amino acids with a final concentration of 0.2 mg/mL, was prepared
from the respective stock solution in 50 % (v/v) methanol and 50 % (v/v) triply deionized
water.

2.2.6 Etolrpkinelis Chromatography Irotnmrcntotton
The EKC data were collected by use of a Beckman (Fullerton, CA) PACE (model
5510) CE instrument. Separations were performed with uncoated fused silica capillaries
of 50 pm i.d., which were purchased from Polymicro Technologies (Phoenix, AZ). The
total capillary length was 47 cm. The effective capillary length (to the detector) was 40 cm.
A new capillary was flushed with 1M NaOH for 120 minutes followed by a 10 minute rinse
with triply deionized water before use. Thereafter, the capillary was routinely conditioned
by successive flushing with 0.1 M NaOH (1 minute), triply deionized water (0.5 minutes),
and operating electrolyte (3 minutes) before sample injection. Samples were then
introduced using pressure injection for a period of 2 seconds. The separation was initiated
by applying a voltage of 25 kV between the two capillary ends which were immersed in
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vials containingthe operating buffer. This procedure resulted in improved peak shapes and
the migration time reproducibility was 1.2% RSD for the analytes. The EKC conditions
were as follows: 275 mM H3B 03, 20 mM NajHPO*, 10 mM triethylamine (TEA), buffered
at pH =7.05. The concentration of each polymeric surfactant was 1.7 % (w/v), i.e. 53 mM
equivalent monomer concentration. The UV absorption detection was performed at254nm.
2 3 Ifc

lie Calculations In EKC

In EKC, the capacity factor k is defined as

where tn, r^, and

are the retention times of one of the enantiomers, the bulk solution, and

the micelle, respectively. However, it should be noted that the negatively charged polymeric
surfactant migrates at a velocity which is much larger than the normal non-polymeric
micelle towards the anodic (injection end). As

approaches infinity, the term (1- t j t ^ )

in Equation 2.3 is negligible and reduces to the following form

2.4

The capacity factor (k) is related to the distribution coefficient, AT, by
V
k=K— =K&,
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2.5

where

and

are the volumes of the micelles and the aqueous phase, respectively. The

phase ratio (p) can be calculated by using
V barjC ^-C M Q
1-V baK C ^-C M Q

where

is the concentration of the surfactant, Vbar is the partial specific volume, and

CMC is the critical micelle concentration [21,22]. Polymeric surfactants do not have a
CMC. Therefore, Equation 2.6 may be approximated to the simplified Equation 2.7 below

Vbar*Cmrf

2.7

l-Vbar*CJurf

The distribution coefficient at various temperatures can be described by the van’t Hoff
equation:
, „
l

AH 0 A S 0
n
RT
R

A

>

2. 8

where AH0is the enthalpy change associated with micellar solubilization, or the transfer of
the solute from the aqueous phase to the micelle; AS0is the corresponding entropy change;
R is the gas constant, and T is the absolute temperature. Combining Equations 2.S and 2.8
results in an experimental equation which can be used to calculate enthalpy and entropy
changes due to micellar solubilization of analytes from the temperature dependence of the
retention factor, Le.,
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Accurate determination of f) allows one to compute AH° and AS° from the slope and the yintercept o f ln£ as a function of 1IT plot, respectively. Then the Gibbs free energy is
calculated from

AG °=AH°-TAS°.

2.10

The differences in enthalpy, entropy and free energy between each enantiomeric pair are
calculated according to the following equations:

AAH 0=AH °(enantiomerl) - AH °(enantiomer2),

2.11

AAS 0-A S °(enantiomerl)-AS °(enantiomer2),

2.12

AAG °=AG °{enantiomer\)-AG °(enantiomer/2).

2.13

2.4 Results and Discussion
2.4.1 Determination o f Partial Specific Volume
The exact volume of a particle is a difficult quantity to measure. Therefore, one often uses
partial specific volume ('Vbar), which is defined as the increase in volume when
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Plot of 1/p (mL/g) as a function of W for poly L-SUV (A) and
poly L-SUT (B) in 100 mMNaCl
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1 gram of the dry solute is dissolved in a large volume of the solvent. The Vbar values are
determined by plotting the inverse of the density 1/p of the solutions as a function of the
weight fraction (W) of the polymers according to Equation 1.6S [34],
The partial specific volumes of both poly L-SUV and poly L-SUT are obtained as
the y-intercept of the (1/p) versus Wplot (Figure 2.3). Table 2.1 includes the partial specific
volumes of the two polymeric surfactants as a function of the temperature (20-40 °C). It is
interesting to note that at each temperature, the partial specific volumes of poly LrSUV are
always higher than those of poly L-SUT. This indicates that poly L-SUT, which has a
hydroxyl group in the polar head, has a more compact structure than poly L-SUV. This is
likely due to hydrogen bonding between the hydroxyl group o f the poly L-SUT polymeric
micelle and the amide proton. Furthermore, the temperature dependence of the partial
specific volumes is negligible.
2.4.2 Determination of Molecular Weights and Sedimentation Coefficients bv
Analytical Ultracentrifugation
Analytical ultracentrifugation allows the determination of molecular weights and
sedimentation coefficients of our polymers. An equilibrium concentration distribution of
macromolecules can be obtained in the cellif the centrifugal force is small enough to allow
the process of diffusion to oppose the process of sedimentation [17]. For an ideal
homogeneous sample, the concentration distribution is an exponential function of the
buoyant mass of the molecules.
According to Equation 2.1, the molecular weight of each polymer is determined
from the partial specific volume and the slope of the line generated by a plot of InA vs. r.

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 2.1

T
CO

Molecular weights, sedimentation coefficients, and partial specific
volumes

Molecular weights
(g/mole)
Poly L-SUV Poly L-SUT

Sedimentation coefficients
(S = 10'lJsec)
Poly L-SUV Poly L-SUT

Partial specific volumes
(mL/g)
Poly L-SUV Poly L-SUT

1.03+/-0.03

0.804+/- 0.005 0.772+/-0.002

15049+/-306

0.82+/- 0.05 158+/-0.04

0.806+/- 0.003 0.776+/-0.002

18320+/-284

0.78+/-0.04 1.69+/-0.03

0.814+/-0.002 0.779+/-0.004

35

10230+/-183 20403+/-329

0.89+/-0.02 1.83+/-0.05

0.813+/- 0.005 0.789+/-0.002

40

9304+/-175

1.02+/-0.02 154+/-0.04

0.817+/- 0.005 0.786+/-0.004

20

9984+/-251

25

9987+/- 215

30

9723+/- 205

11252+/-415

17554+/-498

0.67+/-0.03

However, it should be noted that this relationship only holds for monodisperse samples.
For polydisperse species, the plot deviates from linearity [35]. Therefore, one must
analyze the curvature of such a plot in order to obtain the average molecular weights at
distance r. From the analytical ultracentrifiigation measurements, molecular weights and
sedimentation coefficients were calculated for two polymeric surfactants (Table 2.1).

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

06-

04-

68

Figure 2.4

69

70
ReriuB(ai)

686

7.1

690

E 95

700

705

7 .1 0

Plots and residuals o f absorbance vs. radius for poly L-SUV (A)
and poly L-SUT (B) in aqueous 0.1 M NaCl solution.
Wavelength X, 230 nm ; speed, 25,000 rpm ; tem perature, 25 *C

Figure 2.4 illustrates the equilibrium distribution of poly L-SUV and poly L-SUT at 25 °C.
The data points measured around the meniscus and the cell bottom were truncated to give
a more representative fit The residuals at the top of each plot indicate how well the data
points correlate with the fitting function. A straight regression line for InA versus r was
observed. This occurs only for highly monodispersed polymers. As shown in Table
2.1,the molecular weights and sedimentation coefficients of poly L-SUV remained almost
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constant from 20 °C to 35 °C. In contrast, the molecular weights and the sedimentation
coefficients of poly L-SUT increased roughly by a factor of 2 in the same temperature
range. Perhaps, hydrogen bonding of the hydroxyl group of the threonine is the cause of
this apparent dimerization. Both the molecular weights and the sedimentation coefficients
of poly L-SUV decrease between 35 °C and 40 °C, possibly because of a non-linear
deviation of the solution viscosity. This suggests that the polymers either undergo a
conformational change or aggregate above 35 °C.
2.4 J Thermodynamic Studies of the Analvte Solubilizations
In EKC, chiral recognition requires interaction between a chiral analyte and a chiral
pseudostationary phase, leading to the formation of transient adsorbates. For enantiomeric
separation to occur, there must be an adequate difference in free energy between the
transient adsorbates. Previously, the EKC conditions forenantioseparation of PTH-amino
acids have been optimized by varying the concentration and type of polymeric surfactants,
buffer pH, and background electrolyte type and composition (buffer and ionic strength)
[36]. The optimum conditions for enantiomeric resolution of PTH-amino acids were found
to be 1.7 % (w/v) poly L-SUV and poly L-SUT, 275 mM boric acid, 20 mM dibasic
sodium phosphate, and 10 mM triethylamine at pH 7.2. Figure 2.5 compares the
electropherograms for the separation of ten enantiomers of five PTH-amino acids using
poly L-SUV and poly L-SUT.
It should be noted that the elution times are slightly shorter when the poly L-SUT
polymeric surfactant is used as the background electrolyte. At the pH of this study, both
polymeric surfactants (poly L-SUV and poly L-SUT) possess similar charges. In addition,
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both polymers have same EOF. Therefore, the differences in their electrophoretic
mobilities ( p j are due to the differences in their specific volumes and perhaps, to change
in their degree of hydration. Poly L-SUT, which has a smaller specific volume than poly
L-SUV, will have a higher apparent mobility ( p j than poly L-SUV, hence shorter elution
time because elution time is inversely proportional to p,. One of the goals of this study

0.0011

00014

A

0.0010

a.0000 c5

-0.0010

Mnutes
Figure 2£

Electropherograms of a test mixture of PTH-amino adds. Conditions: 20
mM sodium phosphate dibasic, 275 mM boric acid, lOmMtriethylamine
(pH 7.0), 25 kV applied voltage; 50 pA current; 25 "Ctemperature. Poly
L-SUV (A), poly L-SUT (B). Peak identifications: (1) ±-PTH-valine, (2)
±-PTH-norvaline, (3) ±-PTH-phenylalanine, (4) ±-PTH-tryptophan, and
(5) ±-PTH-a-aminocaprylic add
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was to evaluate AH0 and AS0 as the analyte moves from the aqueous phase into the
polymeric surfactant phase. Therefore, Van’t Hoff plots were used to determine DH° and
AS0as shown in Figure 2.6. The enthalpy and the entropy o f the analyte transfer from the
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Figure 2.6

Vant’t Hoff plots for PTH-amino acids for poly L-SUV (A)
and poly L-SUT (B). Conditions and numbering are as
shown for Figure 2JS, T (temperature) is in Kelvin
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3.5

micellar core of the polymeric surfactants were computed by using the slope (-AH7R) and
the y-intercept (AS°/R + Infl) of the Ink versus 1/T plots. It is clear that the enthalpies,
which are directly proportional to the slopes, do not differ significantly among the 5
analytes. However, considerable differences in retention factors are observed.
Table 2.2 provides a comparison of the thermodynamic results (AH0, AS0, AG°) for
the PTH-amino acids as they interact with poly L-SUV and poly L-SUT. The racemates
of the PTH-amino acids are grouped in order of increasing enantiomeric resolution. As
shown in Table 2.2, AH° for all S pairs of enantiomers are negative for both poly L-SUV
and poly L-SUT. This suggests that the movement of the analytes from the aqueous phase
into the micelle polymer phase is thermodynamically favored. Li contrast, AS0 was
negative for most enantiomers (except forD andLPTH-oc-aminocaprylic add) when poly
L-SUV was used in the buffer. However, when poly L-SUT was used in the buffer, AS0
was positive for all analytes except for D and L PTH-tryptophan. The negative AS0 values
indicate a more organized system, possibly due to electrostatic interactions between the
polar anionic analytes and the micellar head group. Therefore, the analytes, pushed away
from the chiral center of the polymeric surfactant, exist in an “adsorbed” state near the
hydrophobic micellar core. In contrast, when AS0 values are positive, the analytes are in
a “dissolved” state and freely migrate between the core of the polymeric surfactant and the
polar chiral head group. In all cases, the polymeric surfactant (poly L-SUT), with the less
favorable enthalpy changes (less negative AH°), generates the more positive entropies
(AS0).
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Table 2J2

Solute

Enthalpies and entropies of transfer (micelle solubilization) for the
PTH-amino acids
AH*

A(A)H*

AS*

A(A)S*

(kJ/mol)

(kJ/rool)

(J/molK)

(J/molK)

Enandoo en

NyL4UV MyUJlIT
I

-10.56

Mrbauv

-8.36

PTH-valine

MyL4UV
uur
•4.06

-056

MyU

-0.48

-11.12

-8.84

•556

0.93

1

•11.05

•8.75

•4.24

2.10

-0.76

-.0.66

2

•11.81

•9.42

-6.16

0.41

1

•11.85

•954

-357

-3.10

PTHpbenylanine

-053

•0.40

2

-1258

-9.94

•4.61

2.17

1

-1055

-726

7.88

17.75

-0.25

•0.14

2

•10.78

-7.40

757

1755

I

-1454

-11.93

-1051

-3.94

PTHtryptophan

•0.63
2

•14.84

-.038
-11.82

•1254

NyLJUV

MyMJUT

2.0S

2

PTH-ncrvaline

PTH-iaminocaprylic
add

Myi4jur

•159

1.11

-1.93

1.69

-154

0.93

-051

-050

-152

-.077

-4.71

It should be noted that poly L-SUT is mote polar than poly L-SUV due to its
hydroxyl group. Moreover, poly L-SUT has a higher molecular weight than poly L-SUV.
As a result, a stronger steric repulsion between the poly L-SUT head group and the
analytes minimizes the polar hydrogen-bonding interactions. Therefore, the analytes
reside primarily between the hydrophobic tail and the polar head. Hence, less binding and
slightly lower chiral resolution is observed when poly L-SUT is used as a pseudostationary
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reside primarily between the hydrophobic tail and the polar head. Hence, less binding and
slightly lower chiral resolution is observed when poly L-SUT is used as a pseudostationaiy
phase. Our chiral EKC data is consistent with the partial specific volumes o f the micelle
polymers (Table 2.1). Pseudostationary phases with higher partial specific volumes can
be pictured as a more diffuse environment where the analytes can move fieely. This favors
larger differences in free energy between the pseudostationary phase and the analytes. This
may be a contributing factor as to why poly L-SUV, which possesses a larger partial
specific volumes than poly L-SUT, provides better enantiomeric resolution (Table 2.3).
In the temperature range of this study, the low molecular weight poly L-SUV provides
better separation than the high molecular weight poly L-SUT.
The measurement of AH0and AS0values using PTH-amino acids as model analytes
facilitates determination o f the retention mechanism. Plots of AH° as a function of AS0are
linear, indicating a compensation behavior. Compensation behavior is observed whenever
identical reactions of molecules differ in their respective enthalpies in such a manner that
the plot of the enthalpy as a function of entropy is linear [37-39]. The plots of A(AH°) as
a function of A(AS°) for the enantiomeric pairs of PTH-amino acids (Figure 2.7) also
support a compensation behavior indicating similar retention mechanisms for these
enantiomeric solutes.
Table 2.3 provides a summary of the distribution coefficients and the Gibbs free
energies of the analytes at 23°C, the resolution as well as selectivities (a) for the
enantiomeric pairs. A three point interaction is possible for all analytes. The aromatic
rings of the solutes are included in the hydrophobic core of the micelle polymer and the
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Table 2 3

Solute

Comparison of distribution coefficients, change in Gibbs free energy,
resolution, and selectivities for the PTH-amino adds.*

Enintiomtn

dyUMJV Nyujur
1

47

2

so

42

1

96

47

PTH-norvmline
2

61

50

1

86

72

PTHphenylaaine
2

92

76

I

I9S

166

2

t
PTHtryptopban

2

N,L4UV

MjrUJUT

NybJUV
uur

a(25*C)

MyU

MyUWV

N rujur

39

PTH-viUne

PTH-ianunocaprylic
acid

Resolution

A(A)G°
(Id/mot)

K(25*Q

204
96

106

41.16

-0.14

3.37

2.46

1.071

1.065

•0.17

-.0.15

3.47

3.17

1.075

1.070

•0.15

-0.11

2.84

237

1.067

1.053

-0.09

-0.08

244

1.040

1.030

■ 022

-0.16

1.90

171
84
432

3.72

1.100

1.076

90

amino acid groups interact with the polar groups bonded to the chiral center o f polymeric
surfactant. Adequate selectivity will depend on how deep the hydrophobic part of the
solutes penetrates the core, permitting the micelle polymer and the solute to interact A
critical factor in selectivity was the degree of alkylation of the amino acid groups. PTH-oaminocaprylic acid, which has the highest degree of alkylation, gave lowest selectivity and
highest equilibrium constants. The highest partition coefficient obtained for PTH-aaminocaprylic acid is due to the hydrophobicity of this amino add. Obviously, PTH-a-
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aminocaprylic acid is the most hydrophobic of the solutes. As a consequence, it has a
higher affinity for the polymeric surfactant phases. It was interesting to note that the above
analyte has the lowest A(AG). This explains the observed selectivity. Hydrogen bonding
capability ofthe analyte plays an important role in selectivity as well. For poly L-SUV, the
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400
400
400

•700
1.4
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A (A S) (Jmol*1 K*1)
Figure 2.7

Enthalpy-Entropy compensation plots for the enantiomers of
the PTH-amino acids: poly L-SUV (A), poly L-SUT (B).
Solutes are numbered as in Figure 2.5

Gibbs free energies are greater than those of poly L-SUT. Hence, better selectivity is
obtained when poly L-SUV is used in the buffer. As expected, the distribution coefficients
were less for the less hydrophobic PTH-amino acid (valine) than for the more hydrophobic
PTH-amino add (a-aminocaprylic add).
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2J Conclusions

The partial specific volumes and the size of the polymeric surfactants were
determined at various temperatures. The low molecular weight poly L-SUV provides
better resolution than the high molecular weight poly L-SUT in the temperature range of
this study. Differences in enthalpy and entropy of solute transfer from the aqueous phase
to the micellar phase were observed between each polymeric surfactant and the chiral PTH
amino acid used as model analytes. Linear A(AH°) versus A(AS°) plots of the different
pairs of enantiomers suggest that each follow similar retention mechanisms. Once the
analytes enter into the polymeric phase, they are subjected to an electrostatic force between
the core of the micelle and its polar heads. The polymer poly L-SUT is more polar and
bulkier than poly L-SUV. Thus, we speculate that this polymer complexes with the
analytes in a manner which removes them from the chiral center (possibly the analytes
solubilize somewhere between the hydrophobic core and the polar head) of the micelle
polymer. This results in lower resolution when poly L-SUT is used in the buffer.
2.6 References
[1]

Palmer, C. P.; McNair, H. M. J. Microcolumn Sep. 1992, 4,509.

[2]

Palmer, C. P.; Khaled, M. Y.; McNair, H. M. /. High Resolut. Chromatogr.
1992,15,756.

[3]

Palmer, C. P.; Terabe, S. Kuromatogurafi 1995, 16, 98.

[4]

Palmer, C. P.; Terabe, S. J. Microcolumn Sep. 1996, 8, 115.

[5]

Shamsi, A. S.; Akbay, C.; Warner, L M. Anal. Chem. 1998, 70, 3078-3083.

[6]

Tanaka, N.; Nakagawa, K.; Hosoya, K.; Palmer, C.; Kunugi, S. J.Chromatogr.
A 1998, 802,23.
83

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

[7]

Wang, J.; Warner, I. M. Anal. Chem. 1994, 66, 3773.

[8]

Shamsi, S. A.; Macossay, J.; Warner, L M. Anal. Chem. 1997, 69, 2980.

[9]

Shamsi, S. A.; Warner. LM . Electrophoresis 1997, 18, 853.

[10]

Agnew-Heard, K. A.; Sanchez Pena, M.; Shamsi, S. A.; Warner, I. M. Anal.
Chem. 1997,69,958.

[11]

Billiot, E.; Macossay, J.; Thibodeaux, S.; Shamsi, S. A.; Warner, I. M. Anal.
Chem. 1998, 70, 1375-1381.

[12]

Billiot, E.; Thibodeaux, S.; Shamsi, S. A.; Warner, I. M. Anal. Chem. 1999,71,
4044-4049.

[13]

Flory, P. J.; hi Principles o f Polymer Chemistry, Cornell University Press,
Ithaca, New York, 1953.

[14]

Dobashi, A.; Hamada,M.; Dobashi.Y. Anal. Chem. 1995, 67, 3011-3017.

[15] Palmer, C. P.; Terabe, S.

Anal. Chem. 1997,

69, 2772.

[16] Leydet, A.; Elhachemi, H.; Boyer, B.; Lamaty, G.; Roque, J.P.; Scots, D.;
Snoeck, R.; Andrei, G.; Dceda, S.; Neyts, J.; Witvroww, M.; Declerq, E. J.
Med. Chem. 1996, 39, 1626.
[17]

Fujita, H. Foundations o f Ultracentrifugal Analysis, Elving, P J.; Winefordner,
J.D. (Eds), Wiley and Sons, New York, N.Y., 1975.

[18]

Lechner, MJ>.; Kehrhahn, J.H.; Machte, W.
2448.

[19]

Dceda, S.; Kakiuchi.K. J. Colloidal and Interface Sci.

[20]

Hansen, J.C .; Lebowitz.J.; Demeler.B.

[21]

Terabe, S.; Katsura,T.; Okada,Y.; Ishihama, Y.; Otsuka, K. J.MicrocoL
Sep. 1993, 5, 23.

[22]

Peterson, A. G.; Foley, J. P. J.Microcol Sep. 1996, 8, 427.

[23]

Tambe, S. A. /. Chromatogr. A

Polym. Reports

1993, 34,

1967, 23, 134.

Biochem. 1994, 33(45), 13155.

1996, 740, 284.

84

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

[24]

Maguire, J. H. J. Chromatogr. 1987, 387, 4S3.

[25]

Eto, S.; Noda, H. J. Chromatogr. 1992, 579, 253.

[26]

Kurosu, Y.; Murayama, K.; Shindo, N.;
Chromatogr. A 1996, 752, 279.

[27]

Otsuka, K.; Terabe, S. Electrophoresis 1990,11,982.

[28]

Otsuka, K.; Kawahara, J.; Tatekawa, K. J. Chromatogr. 1991, 569, 209.

[29]

Otsuka, K.;
Kawakami, H.; Kaoru, K.; Higashimori, M.;
Chromatogr. A 1994, 680,317.

[30]

Otsuka, K.; Kawakami, H.; Tamaki, W.; Terabe, S. J. Chromatogr. A 1995,
716,319.

[31]

Otsuka, K.; Terabe, S. J. Chromatogr. 1990, 515, 221.

[32]

Shisa, Y.;

Ishioka, N.

J.

Terabe, S. J.

Cardinael, P.; Ndzie.E.; Petit, S.; Coquerel.G.; Combret, Y.; Combret.J.C.
/. High Resol. Chromatogr. 1997, 20, 560.

[33] Kurosu, Y.; Murayama, K.; Shindo, N.; Shisa, Y.; Satou, Y.; Ishioka, N. J.
Chromatogr. A 1997,771,311.
[34]

Durchschlag, H. In Thermodynamic data fo r biochemistry and biotechnology,
Hinz, H. J. (Eds), Springer-Verlag, New York, N. Y, 1986.

[35] Correia, J. J.; Shire, S.; Yphantis, D. A.; Schuster, T. M.; Biochem. 1985,
24, 3292-3297.
[36] Shamsi, S. A.; Yarabe, H.H.; Warner, I. M. Manuscript in Preparation.
[37]

Mukeijee, P.; Ko, J. J. Pkys. Chem. 1992, 96, 6090.

[38]

Melander, W. R.; Horvath, C. In High-Performance Liquid Chromatography:
Advances and Perspectives, Horvath, C. (Ed). Academic Press, New York, N.
Y., 1980, vol. 2.

[39]

Melander, W .R.; Campbell, D. E.; Horvath, C. /. Chromatogr. 1978, 158,
215.

85

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

Chapter 3
Capillary Electrophoretic Separation o f Binaphthyl Enantiomers With Two
Polymeric Chiral Surfactants: Nuclear Magnetic Resonance and Fluorescence
Spectroscopy Studies
3.1 Introduction
Over the past decade, exploration of various enantiomeric separation methodologies
has improved our understanding of host-guest chemistry [1,2]. One of the predominant
themes in chiral recognition studies is the investigation of the potential utility of different
kinds of chiral surfactants as buffer additives in micellar capillary electrophoresis (MCE).
Recently, our research group became interested in preparing amino acid-based polymeric
chiral surfactants (PCS), which are used in electrokinetic chromatography (EKC) for the
separation of racemic mixtures of binaphthyl derivatives [2,3]. Binaphthyl compounds are
remarkable in many regards. For example, they exhibit antimycobacterial activity, high
polarity and high anti-HIV activities [4]. Of particular importance is the ability of
binaphthyl compounds to exhibit atropisomerism [4]. The axially dissymetric 1,1’binaphthyl moiety, with hindered rotation about the C(l)-C(l') bond, (Figure 3.1) exhibits
chirality because of its steric bulkiness and structural rigidity [5].
Conventional surfactants have a limited useful concentration range in EKC, with
the lower range contingent on the critical micelle concentration (CMC) and the higher
concentration dependent upon joule heating. Also, the concentration of the micellar form
of the surfactant depends on the CMC. hi particular, the effect of temperature on the
micelle concentration is a significant problem for the reproducibility of migration time,
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Structures of binaphthyl derivatives

because the migration time is proportional to the micelle concentration [3,6-15]. Micelleenantiomer interaction is a necessary condition for chiral discrimination. However, the
very fast (10*2 to lO^s) exchange (monomers~micelles) between aggregates and bulk
water is unfavorable to this association and to the chiral discrimination process [16].
Enantiomers have similar electrophoretic mobilities in free solution. To obtain
chiral separation in capillary electrophoresis (CE), achiral selector that differentially binds
to the enantiomers is needed. The formation of transient diastereoisomeric complexes is
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responsible for the difference in the observed mobilities of enantiomers. The mobility
difference between the diastereoisomers is actually due to the different effective charge
densities. This occurs because of the different spatial configurations of diastereoisomers.
It is worth noting, however, that enantioseparation is possible in CE even when the binding
constants of the enantiomers to the chiral selector are the same.
Several techniques are available for a description of selector-selectand
intermolecular interactions.

A complete detailed treatment of this subject and a

comparison of the techniques available for the measurement of binding constants have
been summarized by Connors [17]. Several new techniques for the determination of
binding constants have been reported thereafter [18-19]. Especially promising is the use
of mass spectrometry (MS) techniques for the description of chiral host-guest interactions
[20].

In the context of this part of this research, only NMR and fluorescence

spectroscopies will be discussed below.
3.2

NMR Spectroscopy

There are two parameters which are related to the concentration of a complex. If
the free and complexed forms of the same component give two resolved signals (slow
exchange condition), the ratio of the free and complexed form can be measured directly by
digital integration of the relevant signals in the NMR spectrum. The response of a system
to intermolecular complexation can illustrate this ratio.
In mathematical terms, the binding constant (ATa) of a complex with a 1:1
stoichiometry can be expressed as follows:
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where A, B and C are the equilibrium concentrations of the selectand, selector and selectorselectand complex, respectively. If the complexation induced chemical shift due to
complete complexation (pure complex) is AS* and a complex of 1:1 stoichiometry is
formed, then the concentration of the complex C can be calculated as follows:

C =A §2*.A ,
AS*

3.2

where ASobs is the observed chemical shift and A is the initial molar concentration of the
solute. Combining Equations 3.1 and 3.2 gives

ASo b s^
f' - _________ AS*___________ ^
^ _ ASod* *a )(B _ ASo A* #a )
AS*
AS*

22

Equation 3.3 can be rewritten as

Ahobs
=_________AS*________
^ _ A SoA *A SoSs ^
AS*
AS*
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2,4

If A is the concentration of the chiral solute and B is that of the selector, B » A. As a
result, Equation 3.4 can be rearranged as

A8obs
K

Lhs
fl Bn A S o b s'
“ a&T

15

In the Benesi-Hildebrand treatment, Equation 3.S can be rewritten as follows:

ASobs " B{ASs)Ka + A8s'

3,6

Plotting VASobs as a function of B allows one to determine Ka.
3 3 Fluoresecence Spectroscopy
Fluorescence spectroscopy can be used in a similar manner to that o f NMR for the
study of the apparent binding constants of enantiomers to chiral selectors. This technique
offers high sensitivity and is especially valuable for analytes with limited solubility in
solvents used in NMR experiments. Here, the Benesi-Hildebrand equation is used to
quantify the binding interactions.
hi this part of the dissertation, two PCS were synthesized. Their relative efficacies
in EKC separation of racemic mixtures of 1,1'-binaphthyl-2,2'-diyI hydrogen phosphate
(BNP) and 2t2'-dihydroxy-1,1'-binaphthyl (BOH) were investigated. Since the introduction
o f polymeric surfactants to EKC, there have been no reports documenting quantitative
evaluations o f enantioselective complexation of binaphthyl derivatives by synthetic PCS.
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Studies of PCS-binaphthyl complexes are of particular interest because they may provide
insight into the high enantioselectivities exhibited by the chiral recognition processes
which occur in biological systems.
This research details the efforts undertaken in an attempt to understand the
interactions of the host PCS (Figure 3.2) with the chiral guest species, BOH and BNP. In
addition, the chiral discrimination exhibited by PCS has been investigated by NMR and
fluorescence spectroscopy.
3.4 Experimental Section
3.4.1 Chemical Reagents
Pure enantiomers and racemic mixtures of l,T-binaphthyl-2-2'-diyl hydrogen
phosphate (BNP, 99 % pure) and2,2’-dihydroxy-l, I'-binaphthyl (BOH, 99 % pure) (Figure
3.1), as well as deuterium oxide (D ,0, 99.9 atm % D), which contained 0.05 wt % 3(trimethylsilyl)-propionic-2,2,3,i-^ acid, sodium salt, were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Tris(hydroxymethyl)aminomethane (Tris) (99.9 % pure)
was obtained from Sigma Chemical Co., (St. Louis, Mo.) and used as a buffer at pH 9.5.
The migration order for each enantiomer was determined by spiking the racemic mixture
with the corresponding A-antipode.

3.4.2 Svntlreis of P»ly (wdhim N-undwwwylrLryflllnate) and Puly (sodium Nundecanovl-L-isoleucinate)
The monomeric amino acid surfactants of sodium N-undecenoyl-L-valinate (LSUV) and

sodium N-undecenoyl-L-isoleucinate (L-SUIL) were synthesized as

described by Macossay et al. [21]. Polymerization of a 100 mM solution of the
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monomeric chiral surfactants was achieved by “ Co y-irradiation (70 krad/h) for 168 hrs
(total dose, 3-4 Mrad). The progress of polymerization was monitored by lH NMR
spectroscopy (in D20 ) as a function of the “ Co y-ray dose. The formation of a PCS

O

o

O H C-ONa+

O H e -O N a +
C -N -C t ,CH 3

A

II = repeating unit
Figure 3.2

Structures of the polymeric chiral surfactants: poly L-SUV (A),
poly L-SU1L (B)

(Figure 3.2) was evidenced by the disappearance of the NMR peaks due to the vinyl
protons (4.6-6.1 ppm) and subsequent broadening of the remaining peaks. The freshly
synthesized PCS was then dialyzed against bulk water using a regenerated cellulose
membrane with a 2,000Dalton molecular weight cut off. The dialyzed products were then
lyophilized to obtain the final products (PCS). The PCS were found to be 99+% pure as
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determined by elemental analysis. The partial specific volume of the polymers, as
determined by densitometry were 0.84 and 0.83 mL/g for poly L-SUIL and poly L-SUV,
respectively. The molecular weights of the polymers, determined by sedimentation
equilibrium, were 10,563 and9,874 g/mol for poly L-SUIL and poly L-SUV, respectively.
The diffusion coefficients were 7.3x10'* cm2/s and 8.7x10'* cm2/s, as determined by
dynamic light scattering (DLS), which corresponds to hydrated radii of 5.9 nm and 3.8 nm
for poly L-SUIL and poly L-SUV, respectively.
3.43 Capillary Electrophoresis Procedure
The background electrolyte (BGE) for all EKC experiments was 100 mM Tris at
pH 9.5. The PCS were added to the BGE and the pH was adjusted to 9.5 using 1M HC1.
All solutions were filtered through a 0.45 pm membrane filter. Solutions of the analytes
(0.1 mg/mL) were prepared in a 50:50 methanol/water mixture. The choice of the buffer,
the temperature and the pH were optimized as described by Billiot et al. [2]. The optimal
PCS concentration was determined on a Hewlett Packard (Paolo Alto, CA) 3D-CE
instrument. The EKC data were processed using the HPCE Chemstation software.
Separations were performed with uncoated fused silica capillaries (50 pm i.d.) purchased
from Polymicro Technologies (Phoenix, AZ). The total capillary length was 60 cm,
yielding an effective capillary length of 55 cm. The temperature of the capillary was
controlled by a Peltier element with forced air cooling.
A new capillary was conditioned with 1 M N aO H for2hrs and then rinsed for 10
min with triply deionized water. Prior to sample injection, the conditioned capillary was
successively flushed with 0.1 M NaOH (1 min), triply deionized water (0.5 min.), and
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BGE (3 min.). Samples were then introduced for a period of 2 s with 25 mbar of pressure
injection. A potential of 4-30 kV was used in all separations. This procedure resulted in
a reproducible migration time (1.4-1.9 % RSD) for the analytes. The UV absorption
detection was performed at 220 nm.
3.4.4 *H NMR Titrations
The titration of PCS with 4 mM of R- and 5-BNP enantiomers was performed as
follows. Stock solutions (200 mM) of PCS were prepared in 100 mM Tris buffer (HO D,
pH 9.3). Solutions of lower concentrations were prepared by serial dilutions with the
buffersystem (byfactors ofVi) to afford 100,30,25,12.5 mM solutions. A4mMsolution
of (R)-, (5)- or (R£) BNP was prepared in (HOD, 100 mM Tris, pH 9.5) as described
above. The solutions of PCS and BNP were combined in a 1:1 (v/v) ratio so that the final
concentrations were 2 mM of (/?)- or (S)-BNP and 6.25,12.5,25,50 and 100 mM of PCS.
The volume was kept constant (0.5 mL) in each NMR tube.

Solutions were filtered

through a 0.45 pm membrane filter. The ‘H NMR measurements were performed on a
Bruker ARX 300 MHz spectrometer equipped with a Silicon Graphics workstation.
Typical acquisition parameters were as follows: Data size, 16K; spectral width, 3500 Hz;
90° radiofrequency pulse, 7 s; recycling delay between transients, 2 s. Adequate signal-tonoise (S/N) ratios in the lH NMR spectra were achieved after 256 transients. Suppression of
the water(HOD) signal at 4.80 ppm was accomplished by selective irradiation [23]. The time
delay was set at 5 s. The deuterium signal of HOD was used for field-frequency lock and the
observed chemical shifts are reported in parts per million (ppm) relative to the water-soluble
internal standard, sodium 3-(trimethylsilyl) propionic 2,2,3,3-d4 acid, sodium salt
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3A S ExnerimentalTwo-dimensional Correlation Spectroscopy (COSY)
lH-lH COSY spectra were recorded using the following acquisition parameters
[23,24]: recycling delay 0)1), 1.5 s; DO increment, 3 ps; spectral width in F2,2400Hz, and
in F I, 1200 Hz; temperature, 298 K; number of scans (NS), 64; dummy scans (DS), 4. The
data sizes 512w in FI and IK in F2, and the data were zero-filled in F I before subjection
to 2D Fourier transformation to yield a lK x lK data matrix. The resulting spectra were
then processed using a sine-bell window function in FI and F2.
3.4.6 Fluorescence Measurements
Steady state fluorescence measurements were recorded on a Spex Model F2T21I
Spectrofluorometer in the photon-counting mode. The instrument was equipped with a
thermostated cell housing and a thermoelectrically-cooled Hamamatsu R928
photomultiplier tube. Fluorescence emission spectra were acquired using an excitation
wavelength of 292 nm. Excitation and emission slits were set for 5 nm and 2 nm band
passes, respectively.

Fluorescence intensities were measured using a right-angle

configuration.
The buffer solutions used for EKC measurements were also used in fluorescence
studies in an attempt to mimic the CE conditions. Stock solutions (1 mM) of the analytes
(BOH and BNP) were prepared in spectrophotometric grade methanol. Aliquots (25 pL)
of this solution were added to 4 mL of the buffer containing different concentrations of
PCS. This resulted in a concentration of 6.1 xlO1* M (BOH and BNP) of each fluorescent
solution.
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3.5 Results and Discussion
35.1 Effect of PCS Concentration on Enantiomeric Resolution
The separations of BOH and BNP were compared using two poly L-SUV and poly
L-SUIL. Poly L-SUV has one chiral center while poly L-SUIL has two chiral centers as

s•

100

0
Figure 3 3

C,mM

m

MO

Comparison o f the resolution as a function of the equivalent
monomer concentration of poly L-SUV (A), and poly L-SUIL (B)
for the separation of BOH and BNP. Buffer, 100 mM Tris, pH 95;
applied voltage, 30 kV; current, 23 pA; detection wavelength,
220 nm
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illustrated in Figure 3.2. The variation in enantiomeric separation of BNP and BOH as a
function of poly L-SUV and poly L-SUIL equivalent monomer concentrations (EMC)
is illustrated in Figure 3.3. The differences in chiral recognition of BNP by poly L-SUV
and poly L-SUIL as evidenced by EKC are very significant. The maximum resolution
achieved with poly L-SUIL was just below 2 while poly L-SUV was unable to resolve

BO H

BN P

BNP
BOH

Tim e (m in.)
Figure 3.4

Electropherograms of racemic mixtures of BOH/BNP obtained by
PSEKC using 100 mM Tris buffer, pH 9.5, containing 25 mM
(equivalent monomer concentration) of poly L-SUV (A) and poly
L-SUIL (B). The PSEKC conditions are similar to those in
Figure 3 3

BNP. The optimum resolution attained for BOH was 4.5 for poly L-SUIL and 5.0 for
poly L-SUV, however. Figure 3.4 shows the electrokinetic chromatograms for the
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simultaneous separation of BOH and BNP using optimized concentrations of PCS. The
two analytes (BOH and BNP) eluted in order of increasing polarity. The negatively charged
BNP eluted faster than BOH. In addition, the (5)- enantiomer of each racemate always
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figure 3.5

Scott’s plots for the (J?,S)-BNP:PCS complexes: poly L-SUV (A), and
poly LrSUIL (B). ■ =R'f 9 = S
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eluted faster than the corresponding (R) form.This indicates that the R enantiomers have
higher affinities for the PCS. The use of poly L-SUV results in a decrease in migration
time for racemic mixtures of BNP and BOH, but no enantiomeric resolution was observed
for BNP (Figure3.3a). The improved chiral resolution of BOH and BNP (Figure 3.3b)
using poly L-SUIL suggests that the retention mechanism and the chiral recognition for
such analytes are controlled by, among other factors, the number of chiral centers in PCS.
3*5*2 NMR Studies of Selector-Solute Interactions
The stoichiometry and the apparent association constants (Ka) of the micelle-analyte
complexes were determined by use of Scott’s modification [25] of the Benesi-Hildebrand
equation for 1:1 stoichiometry [26].

1 _ 1
1
A8„a.
oos AS.+
c KaA 8cC '

3/7

where C is the equivalent monomer concentration (EMC) of the PCS concentration; A d ^
is the observed chemical shift difference of proton signal at a given PCS concentration; and
A5Cis the chemical shift difference between a pure sample of the complex and the free
component at the saturation point. This approach has been previously used to study the
binding interactions of binaphthyl derivatives by cyclodextrin hosts [27,29]. The slope of
the plot of 1lA S ^ as a function of 1/C (Figure 3.5) is thus equal to 1/(.K„ASC) and the yintercept to l/ASc, allowing the determination of Ka. In the present study, the binding
constants were determined under the same conditions used in the EKC enantiomeric
separations. Therefore, the results provide critical values needed in orderto understand the
chiral recognition mechanism.
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50 mM poly L-SUIL
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3.2

3.3

'H NMR spectra of (/?,S)-BNP with poly L-SUIL (on left) at
0,25 and 50 mM (equivalent monomer concentration). EKC
enantioseparations (on right) are performed at the same
concentrations.

The chemical shift assignments of the protons in poly L-SUIL, poly L-SUV, BNP,
and BOH were established by analysis of their two-dimensional COSY spectra. A slight
broadening of the aromatic resonances indicated that the exchange rates between the free
and bound forms of BNP is either intermediate or slow on the NMR timescale [30,31].
Similar line broadening is common with DNA intercalators, which generally bind to DNA

100

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

with intermediate exchange kinetics [32]. The movement of the chemical shift of the H-S
and H-6 proton resonances was significantly affected upon binding to PCS. This is
empirically consistent with inclusion in chiral pocket(s). The upfield chemical shift
movement of these resonances indicates that the major chiral groove is positioned more
towardthemicellarhydrophobicchiralpocketof the surfactant. ThePCS-BNPcomplexes
are stabilized by interactions between the chiral CH of the surfactant and ir-tr electrons of
BNP. However, the anisotropic effect [33] of the carbonyl groups of the amino acid
moieties in the PCS backbone cannot be ruled out Protons within (+) or lying further
from (•) anisotropic regions will experience shielding and deshielding, respectively.
The lH NMR spectrum of the (/?,5)-BNP in the absence and presence of poly LSUIL is presented in Figure 3.6 adjacent to the electropherograms of enantiomers obtained
at 0, 25 and 50 mM EMC. A good correlation between lH NMR and EKC can be
N observed in this instance. Specifically, no complexation-induced splitting of the H5 and
H6 proton resonances were observed at 0 mM poly L-SUIL At 25 mM poly L-SUIL the
spectral signal protons of BNP split and were shifted upfield (A5= 0.05 and 0.1 ppm),
respectively. This correlates well with the improvement of the peak resolution which was
observed in EKC. The upfield chemical shift and splitting of the H5- and H6-protons
increased by further increasing the concentration of poly L-SUIL to 50 mM. At first, the
splitting of the H5- and H6-protons might lead one to believe that chiral discrimination on
the NMR level was observed. For clarification purposes, an achiral polymeric surfactant,
poly undecanoyl-L-glycinate (poly L-SUG) was synthesized. The lH NMR spectrum of
BNP in the absence and presence of poly L-SUG was found to be similar to the ones
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obtained by using poly-L-SUIL. This led to the conclusion that the splitting observed on
the NMR scale was not due to chiral discrimination, but to the interaction between the
polymeric surfactant phase and the solute.
Table 3.1 gives the association constants, Ka, for the diastereomeric complexes
between each PCS and (/?)- and (S)-BNP enantiomers. The formation of a complex with
1:1 stoichiometry was evident from the lH NMR titration experiments (Figure 3.5). The
changes in chemical shift of H5 and H6 protons of BNP, at constant concentration (2 mM),
were monitored as a function of increasing surfactant concentration (0-100 mM). With
poly L-SUV, relatively weak complexation of the two enantiomers of BNP was observed.
The (R)-BNP:PCS complex is the most stable, evidenced by a stronger electrophoretic
association to PCS, due to a much higher solubility of BNP. The majority of species
measured are most likely free in solution, rather than micelle bound. Complete loss of
binding interactions has been observed [34] in alkylated binaphthyl derivatives attesting
to the relevance of hydrogen-bonding in chiral recognition process [5]. The amino acid
side chains (L-Val and L-IL) in PCS lead to differential steric interactions and hence the
observed chiral recognition. The degree of enantioselectivity is notable since the binding
sites are shaped by the achiral undecanoyl unit. Few intermolecular NOE nuclear
overhauser effect (NOE) cross peaks between PCS and BNP enantiomers were observed,
even at long mixing times. This was expected because polar protic solvents such as water,
methanol or dimethyl sulfoxide, often interfere with the complexation process by
competing for hydrogen-bonding sites on the guest, as well as the host, thus reducing the
overall stability of the complex [35].
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3*5*3 Steady State Fluoresence Studies of PCS-BOH Interactions
The PCS-BOH interactions were monitored by use of fluorescence spectroscopy.
The enantiomers of BOH showed an increase in fluorescence intensity in the presence of
the host PCS. The apolar cavity of PCS has a high affinity for neutral aromatic guests.
The binding constants of the complexes of PCS with the enantiomers of BOH could not
be determined by NMR due to low solubility of BOH in the deuterated Tris buffer .
Therefore, an apparent association constant for the PCS:BOH complex was obtained by
using the Benesi-Hildebrand method [27]. Assuming a 1:1 PCS:BOH stoichiometry of
association, the formation constant is obtained according to the following equation:

1 _ 1 r
1
F - F .' f .- F . K J.F .-F JC '

38

where C is the equivalent monomer concentration of PCS; F is the fluorescence intensity
for the complex at a given concentration of PCS; F0 is the fluorescence intensity of the
host in the absence of the guest; F .is the fluorescence intensity when all of the surfactant
analytes are complexed with the PCS, and Ka is the apparent binding constant for a 1:1
stoichiometry.
The plots of 1/(F - F J of(R)-BOH and (5)-BOH vs. 1 /(0 (Figure3.7), indicate
were adequately described by a 1:1 stoichiometry. The plots (Figure 3.7) show a linear
regression with a correlation coefficient better than r2 = 0.99. Steady state fluorescence
was was not used to determine the binding constants of S-BNP and R-BNP.
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Benesi-Hildebrand plots for the (/f,S)-BOH:PCS
complexes: poly L-SUV (A), and poly L-SUIL 9 )
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104

Reproduced with permission o fth e copyright owner. Further reproduction prohibited without permission.

Table 3.1 Apparent association constants o f MPPO:y*CD complexes

Polymeric chiral

K, (K-BOH)

K, (S-BOH)

K, (R-BNP)

K,(S-BNP)

M

M

M

36.1

27.1

13.6

10.2

37.4

32.7

20.3

11.6

surfactants

poly L-SUV

poly L-SUIL

3.6 Conclusions
The EKC data indicated that resolution of the enantiomers of BNP was achieved
at optimal concentration o f the two polymeric surfactants. The enantiomers of BNP were
resolved by poly L-SUIL and unresolved by poly L-SUV in EKC. The different
complexation-induced chemical shifts of the enantiomers of BNP with each PCS in lH
NMR were used for calculations of the stoichiometry and stereoselective apparent binding
constants of the inclusion complexes. Steady state fluorescence measurements allowed the
determination of the stoichiometry and apparent binding constants of the enantiomers of
BOH with each PCS. The ff-enantiomer of each solute was found to have a stronger
affinity to the pseudostationary phases than the 5-enantiomer. Definite qualitative
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correlations between EKC and lH NMR spectroscopy were established in studies relevant
to poly L-SUIL The results of EKC correspond well with those of the apparent binding
constants of binaphthyl derivatives obtained with NMR and fluorescence spectroscopy.
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Chapter 4
Cyclodextrin Modifled Capillary Zone Electrophoresis of Bile Acids With Indirect
Photometric Detection
4.1 Introduction
Bile acids have played an important role in medicine for several years[l]. The effect
of an impaired bile flow to the intestine has been known to result in fat malabsorption and
defective absorption of fat-soluble vitamins, notably vitamin K [2].

Hence, these

compounds play an important physiological role in the intestinal solubilization of dietary
lipids [3].

Some of the bile acids such as chenodeoxycholic acid (CDCA) and

ursodeoxycholic acid (UDCA) have proved to be very active gall-stone dissolving
substances, which could be potentially useful in human medicine [4]. Furthermore, a close
connection between serious hepatobiliary diseases and bile acid metabolism failure has
been found. The monitoring of the synthesis of bile acids and their determination in
biological materials have created a need for analytical techniques that provide reliable and
accurate analysis.
The major bile acids present in humans have structures based on a steroidal
backbone. These acids differ in the degree and pattern of hydroxylation as well as in the
type of functional group. Figure 4.1 illustrates the chemical structures of bile acids.
Based on the identity of the functional group attached at the R3 position in the
steroid moiety, three major groups of bile acids can be identified: (1) the free bile acids or
cholic acids with hydroxyl groups; (2) the glycocholic acids with aminocarboxylates; and
(3) the taurocholic acids with aminosulfonate groups [3].
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The separation and detection of naturally occurring bile acids is difficult because
of the small structural differences between individual acids, their lack of a strong UV
absorbance, and a small equivalent conductance. Chromatographic methods are generally
more suitable for detailed analysis of bile acids in biological samples [6,7]. However, in
most instances, chromatographic methodologies with single “eluent-column detector”
combinations cannot provide complete information about the complex mixtures of bile
acids. Consequently, extraction, purification, and fractionation into different groups are
needed prior to analysis. No single separation method and detection technique is able to
provide the complete quantification of the components of the complicated naturally
occurring bile acid mixtures.

Moreover, extensive sample pretreatment involving

extraction, purification, and separation into different species is needed to increase the
sensitivity and the resolution of these analyses. Over the past fifteen years, several
chromatographic methods have been developed that deal with the analysis of bile acids.
Among these methods are thin layerchromatography (TLC) [8], gas chromatography (GC)
[9], high performance liquid chromatography (HPLC) [10] and supercritical fluid
chromatography (SFC) [11]. Although TLC is simple and inexpensive, analyte resolution
is generally unsatisfactory [8,12]. The lack of volatility of the bile acids makes it necessary
to use a derivatization step prior to GC, which is the method used most often for the
separation of bile acids [5,9,13,14]. Directanalysisofdifferentclassesofbile acids can be
performed by HPLC whether or not the conjugating moiety is removed [5,10]. However,
HPLC is associated with poor resolution and poor sensitivity in the analysis of bile acids
[IS]. The requirement of a solvent gradient is an additional disadvantage for this otherwise
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powerful and versatile analytical method [16]. A higher resolution is obtained with SFC.
Nevertheless, the temperature of the vaporizer, necessary to maintain supercritical fluid
conditions in the interface, is not easily controllable [5,11].
Capillary electrophoresis (CE) is the next logical step for the separation of bile
acids. Since bile acids exhibit weak absorption bands around 200 nm, capillary zone
electrophoresis (CZE) with direct UV detection is problematic and results in limited
sensitivity. In addition, the use of low wavelength not only impairs the utility of many
organic solvents and buffer systems, but can also result in increased interference from the
biological matrix constituents. Indirect photometric detection (IPD) represents an excellent
technique for the detection of bile acids. Although bile acids have been widely used as
pseudo-stationary phases in micellarelectrokinetic chromatography [17], to the best of our
knowledge, there are currently no published reports on their separation as analytes by CZE.
In this contribution, studies on the separation of 15 bile acids by CZE with IPD are
reported. The performance of two UV-absorbing electrolytes, adenosme-5'-monophosphate
(AMP) and naphthalenedisulfonate (NDS) was evaluated and compared. The influence of
several parameters such as pH of the UV-absorbing electrolyte, column temperature, and
concentration of methanol on migration, resolution, and efficiency was evaluated.
Moreover, the addition of y-CD to the UV-absorbing electrolyte produced shorter analysis
time with better resolution and higher peak intensity of free and conjugated bile acids.
4 2 Principles of Indirect Photometric Detection
For compounds that do not absorb enough light to be detected by UV/Vis, it is
possible to use indirect photometric detection. This technique was developedby Small and
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Miller [18] for the detection of “transparent ions” that were separated by ion exchange
chromatography.
hi this method, a light absorbing compound, a chromophoric ion, is used as the run
buffer, and it creates a large background absorbance. For example, for determination of
anions, nonabsorbing anionic solutes in the sample displace chromophoric anions in the

Absorbance *24

A b s o r b a n c e = 0 .0
N e g a tiv e p e a k s

Figure 4.2

Indirect photometric detection

buffer. Similarly, for separation and detection of cations, a cationic chromophore is used.
Therefore, as the nonabsorbing solute ion passes through the detector, it causes a decrease
in absorbance, resulting in a dip in the baseline which gives a negative peak (Figure 4.2).
The output polarity may be reversed so that a positive peak is seen on the computer.
Some criteria must be met in selecting the chromophoric ion. For CZE, as with any
ion in the buffer, the mobility of the chromophoric ion should match the mobilities of the
solutes. Second, the chromophoric ion should have a high molar absorptivity at the chosen
wavelength. So there is a large decrease in absorbance when the chromophore is displaced
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by a nonabsorbing solute [19]. The concentration of the chromophoric ion is chosen to
provide a balance between signal-to-noise and linear dynamic range [19].

As the

concentration of the chromophoric ion is increased, the background absorbance increases,
as seen in Equation 1.68. The optimum concentrations of 2-10 mM of chromophoric ion
are typically used.
43 Experimental Section
4J.1 Instrumentation
A Dionex (Sunnyvale, CA) CESICE instrument was employed in the experiments
for the pH study. The CE instrument was equipped with a multiple wavelength UV-Vis
detector (259 nm setting). The software for control of the instrument and data processing
was the AI-450 chromatography workstation. However, for the rest of the experiments,
a Beckman (Fullerton, CA) P/ACE model 5510 CE instrument with 214 nm or 254 nm
selectable wavelength Biter for UV detection was utilized. Computer control and data
acquisition were performed by use of System Gold software (version 8.1). Separations
were performed by on the Dionex and Beckman instruments using uncoated fused-silica
capillaries (Polymicro Technologies, Phoenix, AZ) of 50 pm i.d. with a total length of 60
cm and 47 cm (53 cm and 40 cm to detector window), respectively. The capillary in the
Beckman instrument was thermostated by a fluoroorganic fluid, whereas the Dionex
instrument was equipped with an air cooling system for temperature control.
4.3.2 Chemical and Reagents
The following bile acids were purchased from Sigma (St Louis, MO): cholic acid
(CA), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), ursodeoxycholic acid
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(UDCA), lithocholic acid(LCA), glycocholic acid(GCA), glycodeoxycholic acid(GDCA),
glyco-chenodeoxycholic acid (GCDCA), glycolithocholic acid (GLCA), taurocholic acid
(TCA), tautodeoxycholic acid (TDCA), tauiochenodeoxycholic acid (TCDCA),
tauroursodeoxycholic acid (TUDCA), taurolithocholic acid (ILCA). Adenosine-5'monophosphate (AMP) was also obtained from Sigma. Glycoursodeoxycholic acid
(GUDCA) was purchased from Calbiochem-Nabiochem Corporation, (La Jolla, C A). Boric
acid (99.5 %) purity was purchased from EM Science, (Biggtown, NJ). The y-CD was
donated by American Maize Co., (Hammond, IN). Naphthalenedisulfonate (NDS) (95 %)
purity was obtained from Aldrich (Milwaukee, WI). HPLC grade methanol was utilized
in the preparation of the background electrolyte and analytes.
43 3 Preparation of Bile Acid Standards
Most of the 10 mM bile acid standards were prepared using a mixture of 80 %(v/v)
methanol and 20 % (v/v) triply deionized water (U.S. Filter, Lowell, MA) and served as
stock solutions. However, droplets of 1M NaOH were added to LCA, GLCA and TLCA
for complete dissolution. The standard solutions, which contained a mixture of 15 bile acids
each with a final concentration of 0.33 mM, were prepared from the stock solutions of the
bile acids. For the separation of the mixture containing either 5 free cholic acids, or 5
taurine and glycine derivatives, the concentration of each acid was maintained at 1.0 mM.
All standards were sonicated for 2 minutes before use.
4.3.4 Preparation of Electrolyte Solutions
A 5 mM solution of each UV absorbing electrolyte (AMP, NDS) with or without
y-CD was prepared in 100 mM boric acid solution. The pH of the solution was adjusted
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before addition of methanol to the electrolyte solution. All electrolyte solutions were
filtered using 0.45 pm membrane filters and sonicated for approximately 10 minutes.
4.3.5 Collection and Spiking o f Blood Samples
Blood samples( ca. 5mL) were taken from a healthy individual. Serum (ca. 2mL)
was separated from red blood cells by centrifugation at 3000 rpm for 10-15 min. The
serum samples were then transferred to microcentrifuge tubes and frozen for later analyses.
Protein-free serum was obtained by centrifugation at 2000 rpm for 45 minutes using
Centrifree (Amicon, Inc., Beverly, MA), an ultrafiltration device equipped with a YM
membrane (ultrafilter) with an active surface area of 0.92 cm2. Typically, 200 pL of serum
is required to obtain 100 pL of protein-free serum. This quantity was enough for many
injections in CZE. The ultrafiltrate serum sample was spiked with three important bile
acids, CA, DCA and CDCA by mixing 25 pL of a 1 mM mixture of the three bile acids
with 100 pLof the ultrafiltrate serum sample.
4.3.6 Etofrgplwrcste Proredpres
A new capillary was flushed with 1 M NaOH for 60 minutes followed by a 10
minute rinse with triply deionized water. As a daily routine procedure, the capillary was
conditioned by flushing successively with 1M NaOH (30 minutes), triply deionized water
(3 minutes), and background electrolyte (3 minutes) before any sample injections.
Samples were introduced using pressure injection for various injection time periods
(maximum 10 seconds) on the Beckman CE, while gravity injection (2 seconds) was used
on the Dionex CE system. The separation was initiated by applying a voltage of +30 kV
between the two capillary ends which were immersed in vials containing the operating
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buffer. In between injections, the capillary was flushed with 0.1M NaOH, triply deionized
water, and the operating buffer for 3 minutes each. This procedure resulted in improved
peak shapes, and the migration time reproducibility was 0.8% RSD, n =3 for the bile acids.
Peak identification for each bile acid was conducted by both spiking and individual bile
acid injection. The electroosmotic flow (EOF) marker was measured as the first abscissa
of the large rectangular water peak that appeared before elution of the bile acids [20,21].

4.4 Results and Discussion
The major parameters considered in the optimized separation of a 13 component
bile acid mixture were the electrolyte pH, use of organic solvent (methanol), influence of
y-CD, selection of appropriate IPD reagent, and the capillary temperature. As initially
proposed by Shamsi et al. [22], AMP, because of its lower mobility, large molar
absorptivity and dynamic reverse, is a very useful IPD reagent The AMP anion appears
to have an effective electrophoretic mobility ( p ^ of -2.50 x 10'5 cm2V''s'1determined in
100 mM H3BO], 5mM Na2HP04>pH 7.0,75 % (v/v) methanol. Thus, the pepof AMP is
reasonably close to the

of bile acids that range from -8.56 x 10‘5to -10.01 x 10* cirfV's'1.

4.4.1 Effect of electrolyte pH
The effective charge of the bile acids, its signal to noise (S/N) ratio along with its
p,p depend mainly on the pH of the electrolyte. Therefore, both separation and detection
need to be optimized by a judicious selection of the electrolyte pH. The pKa values of bile
acids in water are known to be in the range of 5-6 for free bile acids, 4 for glycine
conjugates and 2 for taurine conjugates [23].
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Figure 4 3 illustrates that the pH of the AMP-boric acid electrolyte significantly
affects the relative migration time ( t / t j of all S CAs, 5 GCAs and 5 TCAs. Initially, as the
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pH is increased from 5.3 to 7.0, the increase in t/t„ values for all 15 bile acids is not as
significant. However, a 0.5 pH unit increase (i.e., from pH 7.0 to 7.5) induces a relatively
steep increase in t/t„ values. This can be explained by an increase in ionization of the bile
acids. By ionizing bile acids as anions above pH 7.0, the electrophoretic mobility of the
anion form of the bile acids increases toward the anode, (i.e. the injection side in normal
polarity CE). This results in an increase in their migration time towards the cathode, (i.e.,
the detection side in normal polarity CE).

However, it is interesting to note that with

changes in pH, the 5 TCA's, with sulfonate head groups, exhibit nearly identical behavior
as the 5 CA's or the 5 GCA's with carboxylate head groups. Furthermore, the migration
time of the EOF (Figure 4.3 inset) increased continuously upon raising the pH from 5.0 to
7.5, which may have also resulted in longer analysis time of all solutes. The observed
time of the EOF (Figure 4.3 inset) increased continuously upon raising the pH from 5.0 to
7.5, which may have also resulted in longer analysis time of all solutes. The observed
increase in t„ and tjt0 values as a function of pH is due to a combined effect of an increase
in ionic strength and the effective charge of AMP electrolyte.

Apparently, these two

factors offset any increase in EOF caused by an increase in pH. A similar drop in EOF with
an increase in pH has been reported by other researchers [24-26]. The pH at which the
AMP electrolyte gives the strongest S/N was determined for one representative bile acid
(CA, GCA and TCA) from each class. The results of this experiment are displayed in
Figure 4.4. For all bile acid anions, increasing the pH decreases the IPD response
(measured as S/N) due to the competition of borate and hydroxide ions with the AMP ion.
At pH values higher than 7.5 (data not shown), the migration time is excessively long.
119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

250

200
CA

150
2

i

GCA

100

TCA

pH
Figure 4.4

Signal to noise ratio of CA, GCA and TCA as a function of
electrolytes’s pH. Conditions are as described in
Figure 4.3

In addition, the baseline becomes very unstable, and few bile acid anions are detected. The
pH optimization study clearly indicates that using electrolytes with pH values -6.0-7.0
allow a reasonable compromise between the separation and detection variables for bile
acids.

4.4.2 E ff«t..9f.M rth«lftl
It is well established that bile acids exist as stable micelles in aqueous solution with critical
micelle concentrations (CMC) in the range 6-11 mM [27]. This phenomenon inhibits the
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efficient separation of bile acids as monomeric species in pure aqueous media. To
overcome these difficulties, an organic medium (methanol) is added to the running
electrolyte in order to disrupt the formation of micelles. Organic solvents are of potential
interest for CE for several reasons. In the most simple case, they are used to enlarge the
range of applications because of the enhanced solubility of the analytes in the media [28].
However, in our study, we found that the addition of at least SO % (v/v) of methanol in the
running buffer is necessary to disrupt the formation of micelles by the bile acids. This is
because, without the addition of methanol in the carrier electrolyte, most of the bile acids
overlap with weak and diffuse signals that were barely distinguishable from the baseline
noise. In general, it is difficult to predict the effect of addition of an organic solvent to the
buffer in CE, because it affects several variables, including viscosity, dielectric constant
and zeta potential. An increase in resolution is often achieved by lowering the EOF, thus
decreasing the migration time of analytes when mixed aqueous-organic solvents are used.
The change in relative migration times of fiee, glycoconjugates, and tauro- conjugates bile
acids as a function of methanol content, observed when methanol was mixed with 100 mM
boric acid, 3.S mM AMP at pH 7.0, is depicted in Figure 4.5 (A-C).
The methanol concentration ranged from 50 % (v/v) to 80 % (v/v). At 50 % (v/v)
methanol, CDCA, DCA and UDCA as well as the glycine and taurine derivatives
comigrate. However, as the % (v/v) of methanol is increased, both relative migration times
and resolutions of all bile acid increase. This is because the presence of methanol in the
electrolyte reduces the EOF by nearly 13 fold (2.1x10"* to 1.6x10"* (cm^V 's 1) due to a
reduction in the zeta potential. It seems that the increase in t/t, and ^ as a result of an
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increase in percentage o f methanol cannot be solely related to a change in viscosity (r|)
because 17vs. % methanol has a maximum around 50 % [29]. If the changes in i\ were the
main reason for the variation in t^ a minimum in t„ and t/t„ should occur at higher
percentages of methanol. The continued decrease in ^ (Figure 4.5 inset) even above 75 %
(v/v) of methanol is consistent with earlier data published by Kenndler and Schwer [29],
but is in contrast to that reported by Cassidy and coworkers [30] in which the use of
dimethyl formamide above 75 % (v/v) showed an increase in EOF. At concentrations of
methanol higher than 80 % (v/v), the migration time becomes excessively long (data not
shown). Thus, the methanol optimization study clearly indicates that 75 % (v/v) methanol
in the buffer is the best compromise for the separation of bile acids.
4.4.3 Effect of y-CD
The effect ofy-CD concentration on the enhanced selectivity was studied in the I -12
mM range, by maintaining a constant pH value of 7.0 and a fixed concentration of 75 %
(v/v) of methanol. As shown in part A, B, and C of Figure 4.6, a significant variation in
relative migration time and selectivity was observed for all bile acids. Interestingly, when
compared to LCA and its conjugates (GLCA, TLCA), the

y-CD concentration

has an opposite effect on selectivity and migration behavior of CA and its corresponding
glycine (GCA) as well as taurine (TCA) conjugates. For example, at a y-CD concentration
of ~i.O mM, CA, GCA and TCA migrate faster, while LCA, GLCA and TLCA migrate
slower than other bile acids of the corresponding class. Since CE separations were done
with positive polarity (at the injection end), the bile acid anions migrated opposite to the
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EOF. However, as these anions formed complexes with y-CD, their mobility decreased
towards the injection end. This resulted in faster migration towards the detector side.
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Consequently, a relatively stronger interaction of y-CD with the more hydrophobic bile
acids (LCA, GLCA, TLCA) decreased the relative migration times [31]. In contrast, the
opposite occurred for the more hydrophilic bile acids (CA, GCA, TCA). Between 2 and
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6 mM o f y-CD, all bile acids show ageneral trend of decreasing migration because of their
increasing complexation with y-CD [32-37]. However, note that the degree of decrease in
migration times was most significant for LCA and its glycine and taurine conjugates. The
relative migration times did not change for most of the bile acids over the concentration
range of 6 to 10 mM of y-CD. This indicates a steady state host-guest complexation
between y-CD and bile acids. Above 10 mM y-CD, all bile acids exhibited a general trend
of increase in relative migration time. Probably, an increase in viscosity of the solution
may affect the EOF and thus increase the CZE run time. Overall, the running electrolyte
with 7 mM y-CD seems to give the best resolution for all free bile acids and their taurine
and glycine derivatives (Figure 4.6 A 3.C). The separation of the three key classes of bile
acids in the absence (A-C) and presence (D-F) of 7 mM y-CD is illustrated in Figure 4.7.
As shown in Figure 4.7, addition of 7 mM y-CD to the carrier electrolyte produced a
baseline resolution of the three classes of bile acids. Figure 4.8 illustrates the separation
of all IS bile acids in a single run in the absence (A) and presence (B) of 7 mM y-CD. hi
all cases, a decrease in migration time is accompanied by a significant enhancement in
resolution. Peaks are symmetrical with efficiencies in the range of 4 x 104to 5 x 10s plates
/SO cm of the capillary, hi addition, a complete reversal of the elution order between the
followingpeakpairCA/LCA,GCA/GLCA and TCA/TLCA occurred in the presence of
y-CD. It is noteworthy that without y-CD, the less polar bile acid in each of the above
mentioned peak pair was detected first, while the reverse occurred with y-CD in the carrier
electrolyte.
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4.4.4 Effect of Type of Chromophoric Electrolyte
Another electrolyte (NDS) was also tested for the separation o f bile acids. NDS is
a fairly bulky molecule with a molar absorptivity of 10,500 at 214 nm [38]. Figure 4.9
compares the simultaneous separation of all 15 bile adds with NDS and AMP electrolytes.
It should be noted that the separation of bile acids is lengthened as the electrophoretic
mobility and the effective charge of the chromophoric electrolyte becomes more negative.
For example, under the optimized pH 7.0, NDS has a -2 charge and effective mobility of
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-2.8xlO'3cm2V'lS'1with a separation time o f about 42 minutes for the 15 bile acids (Figure
4.9A). Li comparison, AMP has an effective charge of 1.5 with an effective mobility of
>2.5 x 10'5(cm2V‘lS*1) and a separation time of less than 30 minutes at the same pH (Figure
4.9B). The wider separation window with NDS is reasonable since there is a negative
charge at the detector end, and a more negative running electrolyte will experience lower
mobility towards the detector. Although NDS provides higher resolution for the later
migrating components (TCA, GCA, CA), the peaks are somewhat broader. In contrast, the
use of AMP as the electrolyte results in sharper and taller peaks for most of the separated
bile acids. The limits o f detection obtained for bile acids are in the range from 170 to 330
pmoles/L with a S/N of 3 using the AMP electrolyte at 254 nm.
4.4J Effect of temperature
Capillary temperature control is important in CE. The changes in capillary
temperature can cause variations in efficiency, migration times, injection volumes and
detector responses. Also, elevated temperatures may cause sample decomposition or
changes in molecular configurations of solutes. A rise in temperature causes a decrease in
viscosity of the running electrolyte, thus increasing both the EOF and electrophoretic
mobilities. The solutes mobilities increase at higher temperature, probably because of a
change in their diffusion coefficients, which are inversely proportional to the viscosities
according to the Einstein-Nemst equation [28]. A secondary effect might be an increase in
the equilibrium constant since complex stability may be enhanced at lower temperatures.
An increase in temperature also causes a decrease in the dielectric constant which suggests
a reduction in EOF. This is in contrast to the effect observed with decreasing viscosity
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mentioned above and suggests that the two conflicting factors would cancel each other.
However, the decrease in dielectric constant is less than the change in viscosity. So the
overall result of a temperature rise is an increase in EOF. Also, the increase in EOF is
greater for a given increase in temperature than an increase in electrophoretic mobility of
anions. Thus, the overall run time for separation o f IS bile acids was shortened by running
at elevated temperatures (Figure not shown).

The effect of temperature is not simply

related to faster analysis time since the resolution of the neighboring peak pairs are also
affected.

For example, increasing the temperature from 19°C to 30°C improves the

resolution between CDCA and TCA at the expense o f comigration of GCA and TCA. In
general, for the later migrating bile acids, the separation efficiency was always better at
higher temperature (40°C) than at lower temperature (19°C). However, at40°C, the overall
resolution and selectivity deteriorates. In addition, maintaining a stable high temperature
is difficult if the temperature is much higher than room temperature. Some peak broadening
was observed for all bile acids. However, TUDCA was relatively and unexpectedly more
broadened than other bile acids. The broad peaks are probably due to joule heating effects
that are normally observed in CZE at high temperature [7,39]. Therefore, a capillary
temperature of 23°C is recommended for the CE separation of a 15-component bile acid
mixture.
4.4.6 Application to Human Serum
Two important bile acids used in the treatment of cholera, a disease caused by an
excess of bile acids, are CA and DCA. On the other hand, CDCA, another bile acid,
increases the solubility o f cholesterol in bile and is used in the prevention and dissolution
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of gallstones. These three important bile acids were spiked at a concentration of 0.25 mM
in a human serum. The result is depicted in Figure 4.10.

Figure 4.10

Separation of free bile acids in a serum sample. The standards CDCA,
DCA, and CA were spiked at a concentration of 0.25 mM in a protein*
free serum. Electrolyte composition and other run conditions were as
in Figure 4S B

4.5 Condugtong
A CZE method optimization of pH, %(v/v) composition of methanol, y-CD
concentration, type of chromophoric electrolyte, and capillary temperature allowed the
resolution of all fifteen bile acids for the first time. Baseline resolution of all bile acids
(except, GDCA, UDCA and TDCA) was attained. The addition of y-CD to the running
electrolyte significantly enhanced the peak resolution.
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Chapter 5
Spectroscopic Studies of Cydodextrin Complexes with 2,5-bis-(4-Methylphenyl)
Oxazole (MPPO)

s .i Introduction
Cyclodextrins (CDs) have attracted considerable interest because of their ability to
include a wide variety of organic compounds into their cavities [1]. The interior of each
CD cavity contains two rings of C-H groups and a ring of glucose oxygen atoms. Hence,
the interior is relatively hydrophobic, compared to the hydrophilic exterior [2]. The inner
diameter of cc-CD (n = 6 glucose units, -4.5 A) is suitably sized for complexing benzene
derivatives, whereas P-CD (n=7, ~7 A)better accommodates naphthalene derivatives, and
y-CD (n = 8, -8.5 A) accommodates anthracene derivatives [3].
Recent work in the development of nanochemistry has focused on strategies forthe
synthesis of nanostructures [4-8]. In this regard, Harada et al. [5] prepared polyrotaxanes
with many threaded molecules of a-CDs on a polymer chain of polyethylene glycol (PEG).
Another interesting study, describing the formation of rigid molecular nanotube aggregates
of P-CD and y-CD through linkage by a//-frww-l,6-diphenyl-l,3,5-hexatriene, has been
reported [6,7].
Extended 2,5 -diphenyloxazole (PPO):y-CD linear aggregates have been
investigated by Agbaria et al. forthe first time [9]. In their study, enhancement in excimer
yield was observed when two PPO molecules were inserted in a single y-CD cavity. They
observed that the middle ring of PPO was more exposed to the water phase because of its
hydrophilicity, hydration, and hydrogen bonding capability. As a result, only a phenyl
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Synthesis of MPPO

ring would penetrate the hydrophobic CD cavity. The basic units of the linear aggregates
formed in their study was a 2:1 inclusion complex of PPO:y-CD. In a subsequent study,
Agbaria et al. [10] applied the method of preparation of PPO:y-CD linear beads
tosymmetrical molecules with similar shape to PPO. All of the oxadiazole derivatives
studied formed linear beads with y-CD and emitted excimer fluorescence similar to PPO.
More recently, Agnew et al. suggested that the complex PPO:y-CD disassembled when
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exposed to extremes o f pH and temperature. The transition temperature in their study was
around 49 °C [11].
In the present study, we attempt to form longer linear aggregates from the
interaction of 2,5-bis-(4-methylphenyl)oxazole (MPPO) (Figure S.l, iv), a PPO analog,
with y-CD. Nuclear magnetic resonance (NMR) is used to show the complexation of
MPPO and y-CD, whereas dynamic light scattering (DLS), and fluorescence spectroscopy
quantify the formation of linear beads.
5.2 Experimental Section
5.2.1 M aterials
All reagents were obtained from Aldrich Chemical Co. (Milwaukee, WI) and used
as received unless indicated otherwise. The CDs were a gift from Cerestar USA, Inc.,
Hammond, IN.
5.2.2 Synthesis of 2.5-bls-(4-methvlphenvn oxazole (Figure 5.1)
The synthesis o f MPPO has previously been described [12,13]. The p-methyl
hippuric acid (i) was recrystallized from ethanol and dried overnight in a vacuum
desiccator. Two grams of the resulting crystal were dissolved in 6 mL of acetic anhydride
in a 25 mL flask connected to a drying tube and immersed in a 95 °C water bath. The
mixture was stirred until all of the solid dissolved (10 minutes). The flask was then
connected to a vacuum line and heated (45-50 °C) to remove excess acetic anhydride and
acetic acid. The product, azolactone (U) was isolated as a pale yellow waxy solid, which
crystallized in ethanol to yield yellow crystals (m.p. 97-99 °C).

hi a reaction flask

equipped with a reflux condenser and a drying tube, two grams of fleshly synthesized
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azolactone were added to freshly distilled toluene (10 mL). Four grams of aluminum
chloride (AlClj) were added in small portions to a flask cooled in an ice water-bath. The
reaction mixture was stirred for 5 h at room temperature and allowed to stand overnight.
Addition of 10 mL of a 10 % aqueous HC1 solution to the mixture resulted in the formation
o f a pasty tan precipitate which was extracted with methylene chloride (DCM) and dried
over calcium chloride (CaClj). After evaporation of DCM, the amino ketone product (ill)
was recrystallized in ethanol to yield orange-colored crystals, which melted at 163-165 °C.
Subsequently, the amino ketone was added to POCl3(5 mL) in a 50 mL round bottom flask
attached to a condenser and a drying tube. The mixture was refluxed for 4 h, slowly poured
over crushed ice, and stirred until the ice melted. The resulting solid precipitate was
filtered, washed with water, then saturated aqueous NaHCO,, and dried over CaCl2. A
crude MPPO (iv) product was isolated and recrystallized in ethanol to afford clear solid
crystals (mp. 117-119 °C) which fluoresced blue-white under 313 nm light
5.2.3 A pparatus
Steady state fluorescence and polarization (for Perrin plots) spectra were acquired
in the photon-counting mode with a Spex Model F2T2II Spectrofluorometerequipped with
a thermostated cell housing and a thermoelectrically cooled Hamamatsu R928
photomultiplier tube. Fluorescence emission spectra were acquired using an excitation
wavelength of 313 nm. Excitation and emission slit widths were set for 5 nm and 3 nm
band-passes. The fluorescence intensity was measured using a right angle configuration.
Fluorescence lifetimes were measured using a PTI Inc. LS-100 luminescence spectrometer.
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A nitrogen/helium gas mixture was used in the flash lamp for excitation. A dilute solution
of colloidal starch was used as a scatterer to determine the excitation'lamp profile. The 313
nm emission of N2was used for sample excitation. Decay curves were obtained by use of
time-correlated single-photon counting (TC-SPC). To obtain fluorescence decay curves,
4X 104

counts were collected at the peak channel. Each data set was collected in

256

channels. The data were analyzed by use of a multiexponential decay analysis program
(FIT, Inc.). The correlation between experimental and computed decay curves was
evaluated by use of the reduced y2 (0.9-1.1), Durbin-Watson (>1.7), the randomness of the
weighted residuals, and autocorrelation functions. The measurements were repeated three
times to obtain a more representative data set.
For steady state fluorescence anisotropy measurements, a xenon lamp was used.
Data analysis was performed by means of the LS-100 steady state software (version 2.04).
NMR experiments were performed in 5 mm NMR tubes on a Bruker ARX 300 MHz
spectrometer.
5.2.4

NMRE?n*rlnwnt$
A 1:1 mixture of MPPO:y-CD was allowed to equilibrate overnight. The'HNM R

spectrum was recorded in 90% H20 :10% D20 using the deuterium signal of D20 for fieldfrequency lock. Pulse sequences from the literature were employed for water suppression
[14]. The observed protonchemical shifts are reported in part per million (ppm), relative
to the internal standard sodium 4,4-dimethyl-4-silapentane-l-sulfonate (DSS) at room
temperature (298 K). Characterizations of *H and l3C chemical shifts of MPPO were
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performed. The two-dimensional proton-proton correlation spectroscopy ( COSY), the
proton-detected heteronuclear multiple-quantum coherence (HMQC), and the protondetected heteronuclear multiple-bond correlation (HMBC) measurements were
performed using parameters from the literature [15,16]. The lH -‘H NOE (nuclear
Overhauser effect) proximity maps were obtained using 2D nuclear Overhauser
enhancement spectroscopy (NOESY) experiments [17].
5.2.5 Fluorescence Measurements
A stock solution of MPPO (1.0xl0'3M) was prepared in ethanol. An aqueous
solution of the inclusion complex was prepared by adding 1.0 mL of the stock solution into
an erlenmeyer flask. The solvent was then evaporated under a stream of N2. An aqueous
solution of CD (50.0 mL, 1.0xl0*2M) was added to the erlenmeyer flask to bring the final
concentration to 2.0xl0'sM of MPPO. The solution was then sonicated and allowed to
equilibrate overnight. The solution in y-CD was very turbid with a small amount of
precipitate at the bottom of the Erlenmeyer flask. The solution was filtered through a
coarse filter paper (medium fast, Whatman, Maidstone, England) to remove the precipitate.
5.2.6 Dynamic Light Scattering (PLS1 Experiments
The MPPO:y-CD sample was analyzed on a Nicomp Model 370 VHPL with an
air cooled argon laser (Particle Sizing Systems, Santa Barbara, CA). Scattered light was
measured with 8 = 90°. The laser wavelength was X was 514.5 nm. Thus the scattering
wavevector (IQ was equal to 2.3 x 10s cm*1. A small aliquot of concentrated material was
placed into the sample vial and centrifuged to remove any off scale large dirt and dust
particles. The sample was then placed into the sample holder and the power of the laser
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unit was adjusted to an appropriate level. Each sample was analyzed until an adequate
amount of light scattering data was collected such that the results of the deconvolution
algorithm stabilized, hi fact, a mixture of particle sizes must give rise to an autocorrelation
function, which decays exponentially. The existence of more than one rate of diffusion
gives rise to a mixture of decaying functions, each of which has a different decay time
constant, corresponding to a particular diffusivity (D) and, hence, radius, hi this instance,
the autocorrelation function is deconvolved. As a result, the distribution of D values is
extracted from the detailed shape of the autocorrelation.
5*3 Results and Discussion
5.3.1 NMR Spectral Assignment of MPPO
The lH NMR spectrum of MPPO in CD3OD showed resonances only in the 2-8
ppm range. All carbons bearing proton atoms were assigned (Table 5.1) using a protondetected 'H -13C-heteronucleated experiment which was obtained with HMQC [18].
Quaternary carbons were assigned using HMBC [19], a long-range ‘H-13C correlation
experiment. In the NOESY [19] spectrum, cross-peaks were observed between ’‘CH3and
*CH3 groups and HB’ and HB, (Figure 5.1, iv) respectively.
5.3.2 MPPOiv-CD Complexes
The use of CDs in lH NMR spectroscopy was first reported by Demarco and
Thakkar [20]. A shift in the protons located on the interior of CD cavity, i.e., the H-3 and
H-5 protons indicates inclusion of a guest molecule in the cavity (Figure 5.2). This shift
has been attributed to the anisotropic shielding of the aromatic moiety of the guest
molecule. Signals representing the aromatic protons were observed in the lH NMR
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spectrum. Specifically, interpretation of the 'H NMR data suggest that MPPO molecules
are deeply inserted into the y-CD cavity. In the ‘H NMR spectrum, two pairs of aromatic
proton signals {(7.94 (HA), 7.65 (HA’) and 7.33 (HB’), 7.27 (HB)), each separated by 0.29
and 0.06 ppm, supported the formation of inclusion complexes [7]. The H-3 and H-5
protons located in the interior of the y-CD cavity exhibited minor upfield shifts (<0.015
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ppm), whereas the exterior H -l, H-2 and H-4 resonances remained unchanged.
Consequently, a physical overlap is observed between the MPPO molecules and y-CD,
indicating their inclusion within the y-CD nanotube. These results were further supported
by differences between the y-CD:MPPO spectrum and the spectrum of MPPO alone in
H20:D 20 (9:1, v/v) and in methanol (CD3OD), which exhibited different chemical shift
values ranging from 6.5 to 8 ppm.

Exterior side of cyclodextrin

HO

HO

Interior (cavity) side of cyclodextrin
Figure 5.2

Location of protons of cyclodextrins

5.3J Dynamic Light Scattering Measurements (DLS)
The goal of the DLS measurements was to determine the diffusion coefficient (D)
of the particles from the light scattering signal. From D, the particle diameter was
calculated using the well-known Stokes-Einstein relation, assuming that the particles were
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uniform and spherical,

kT
D-6izr\R

5 .1

In this equation, t i s Boltzmann's constant (1.38 x 10*,# erg K*1), T is the temperature in
K, q is the shear viscosity of the solvent (10*2 poise) and R is the particle radius. The
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diffusion coefficient was found to be 1.2 x 10-*cm2/s. The Gaussian-shaped representation
o f the decaying autocorrelation curve is illustrated in Appendix D. It carries the label
“intensity-weight” because it represents the immediate result o f the cumulant calculations,
before any specific type of particle weighing is taken into consideration. That is, the
underlying autocorrelation function is constructed from the original scattered intensity
values as a function of time. Hence, the quadratic fit and the corresponding Gaussian-like
representation of the distribution of particle diffusivities (and ultimately, diameters) reflect
the fact that the D contributions, or R contributions, are weighted by their corresponding
scattering intensities. The distribution of aggregates is in the micrometer range (Appendix
D). In spite of the error in applying this model to linear aggregates, the very low diffusion
coefficient obtained corroborates the colloidal size of the linear aggregates.

5.3.4 Steady Stote Flw rw w nw
Steady state fluorescence was used to study the MPPO:CD complexes. The fluorescence
intensity of the complexes increased in the order of a-, y-, and P-CD (Figure 5.3). A
similar trend has been observed in the case of PPO:CD complexes [9]. Partial inclusion
of PPO or MPPO in the cavity of y-CD results in shifts of the fluorescence spectra,as
shown by the red shift observed in the MPPO:y-CD spectra (Figure 5.4). The intense
emission in the420-430nm range has previously been attributed to self-reabsorption of the
short wavelength fluorescence in a similar study [21]. In a later study, Horrocks [22]
reinterpreted this intense long-wavelength as excimer fluorescence. Agbaria et al. [9,10]
used the latter interpretation to assign the excimer/dimer emission wavelength o f PPO:yCD aggregates around 420 nm. hi this study, we attribute the 380 nm peak in the MPPO
14S
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spectrum to monomer fluorescence and the shoulder at 460-510 nm to excimer
fluorescence. Excimer formation in these systems is a manifestation of the spatial
restriction induced by the geometrical characteristics of the y-CD cavity. In fact, guest
molecules must adopt totally or partially overlapping configurations in a 2:1 complex
[8,23,24].
The intensities of the monomer and excimer emission maxima as a function of
temperature are shown in Figure 5.5. In these experiments, the emission intensities were

MPPO:o»CD

2 .5 x 1 0

M PPO.p-CD
2 .0 x 1 0 -
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Figure 5.4

Normalized steady state fluorescence of 2.0xl0'sM MPPO in
10 mM a*,
and y-CD

measured at 380 nm and 500 nm for monomer and excimer, respectively. An increase in
fluorescence emission intensity was observed as the temperature was raised from 25 °C
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to 80 °C. High monomer and low excimer intensities at higher temperatures suggest a
partial or complete disassembling of the aggregates. As in the case of thermoplastic
materials [25], the complex slowly organizes into extended aggregates upon cooling
(Figure 5.5). The temperature range in which the excimer emission shifts to monomer, or
vice versa is known as the phase transition. The transition temperature was estimated to
be 50 °C. This temperature is well below the melting point of MPPO (117 -119 °C). The
broad phase transition may be due to heterogeneity in the aggregates resulting from the
asymmetric orientations of MPPO molecules in the y-CD cavity.
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5.3.5 Fluorescence Lifetime and Anisotropy Measurements
The fluorescence lifetimes of MPPO:y-CD were measured in order to study the
complex formation. The data reported in Table5.2 illustrate the complex lifetimes as a
function of emission wavelengths. It clearly shows a two-component mixture as a function
of emission wavelength, and that the lifetime of the complex increased with an increase in
emission wavelengths. No significant improvement in fit was observed by including a
third exponential component (data not shown). It is also shown in Table 5.2 that the
longer-wavelength component makes a greater contribution to the overall emission as the
emission wavelength increases. This agrees with the assumption that the longerwavelength component is due to dimer formation because dimers form at longer
wavelength.
The Perrin equation is defined as

1 1 xRT
-= — +---r r ror\V

5.2

where r is the steady state anisotropy, r0 is the intrinsic anisotropy, R sis the ideal gas
constant (8.314 (PaXm^K'1mol"0, T is the temperature in Kelvin, V is the volume of the
rotating unit; t is the fluorescence lifetime; and q is the viscosity (pPa s). The Perrin plot
relates the reciprocal of the measured anisotropy to temperature and viscosity as shown in
Equation 5.2. A stable fluorescent molecule will have a linear Perrin plot. They-intercept
is the reciprocal of r0, and the slope can be used to determine t. As a result, T or q of a
solution can be varied and the anisotropy response can be used to determine either r0or t..
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Figure 5.6 illustrates a typical Perrin plot obtained by varying the temperature of the
MPPO:y-CD solution. The literature viscosity values of water were used to calculate T/x\.
The intrinsic anisotropy determined from the plot was 0.37.

The same r0 was obtained

by dissolving MPPO in glycerol (10 '5M) and measuring fluorescence anisotropy at
temperatures ranging from -20 °C to 80 °C. The anisotropies of MPPO:glycerol inversely
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values were obtained upon heating the solution
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Table 5.2

Decay parameters of fluorescence intensity as a (traction of emission
wavelength
t,

MPPOy-CD
Xex = 313 nm

(ns)

Tj(ns)

X*

0.827+/-0.014

2.295+/-0.055

0.173+/-0.005

9.652+/-0.103

1.091

0.819+/-0.006

2.764+/-0.046

0.181+/-0.003

12^85+7-0.145

1.050

0.726+/-0.001

3.053+/-0.004

0.274+/-0.001

13.983+/-0.009

1.043

0.601+/-0.010

3.803+7-0.016

0.399+/-0.008

15.198+/-0.246

1.309

0.542+/-0.033

4.593+/-0.522

0.458+/-0.042

16.440+/-0.060

0.902

0.473+/-0.046

5.468+/-0.896

0.527+/-0.061

17.470+/-0.421

1.029

X.ex = 380 nm
Xex = 313 nm
Xex=420 nm
Xex = 313 nm
Xex=440 nm
Xex = 313 nm
Xex =460 nm
Xex = 313 nm
Xex =480 nm
Xex = 313 nm
Xex = 500 nm

increased as function of temperature from 80 °C to 0 °C. This is because MPPO’s rotation
is hindered as the medium becomes more viscous. Any further decrease in temperature
below 0 °C did not change MPPO’s anisotropies. As a result, a plateau forms in the -20
°C to 0 °C temperature range. The intrinsic anisotropy (0.37) for MPPO was taken as the
average anisotropy in the plateau region. The Perrin plot at lower values of T/q.«’«. below
SO °C (T/i\ -1.0), gave a slope of 0.085 pPa s/K, which is also equal to (tR)/(r0V). By
using the MPPO:y-CD complex lifetime t = 17.47 ns, the volume of the complex was
estimated to be 7.62xi0*Mm3. Above 50 °C (T/q ~1.0), 1/r increases steeply as a function
of T/i\ indicating that the complex (MPPO:y*CD) now has anew degree of freedom of
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rotation. The temperature at which the transition occurred (SO °C) was found earlier to be
the transition temperature for the excimer. The new rotational freedom is associated with
fragmentation of the linear aggregates. The slope of the plot (2.44 pPa s/IQ obtained at
temperature values above SO °C generated a smaller volume of 2 .6 7 10 * 25 m3compared to
the one obtained below 5 0 °C. This led us to believe that fragmented pieces of the linear
aggregates exist above SO °C.
It was previously reported that two PPO molecules would partly penetrate the
opposite ends of one y-CD tunnel to form a 2:1 basic unit. These units would associate to
form coaxial arrays of y-CD, linked by overlapping pairs of PPO [9]. The 2:1 ratio basic
unit would also apply to MPPO:y-CD linear aggregates because MPPO differs from PPO
only by two symmetrical methyl groups, each attached to a phenyl ring. Assuming that the
basic unit (two MPPO and one y-CD) is a sphere with a diameter of ~18 A, its volume
was estimated to be 3 . 0 5 X 1 0 ' 27 m3. This volume is much smaller than the volumes of the
linear aggregates and the subunits, hi addition, fluorescence anisotropy and lifetime
measurements were performed in order to quantify the inclusion of MPPO molecules in
a-, ft-, and y-CD cavities. The data collected from these experiments are shown in Tables
S.3 and S.4.
The Perrin equation for spherical rotors is given by

- £ - = 1+-L
<r>
<p

1S1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

53

where r0 is the intrinsic anisotropy, <r> is the measured anisotropy, <t>is the rotational
correlation time and t is the fluorescence lifetime. Anisotropy and lifetime values for
MPPO:y-CD were measured to be 0.267 and 17.47 ns (Table 5.3).

The rotational

correlation time was estimated to be 45.3 ns by use of Equation 5.3. A rotational
correlation time of 32 ns was previously found for the PPO:y-CD complex when rawas
taken as 0.3 [9]. A correlation time of 23 ns was obtained when we measured the actual
r„ of PPO as 0.34, similar to the measurement performed for MPPO. Therefore, MPPO
forms linear aggregates about twice as long as PPO.

Table 5 3

Fluorescence anisotropy and rotational correlation of MPPO:CD
inclusion complexes

Physical properties

MPPO:a-CD

MPPO:p-CD

MPPO:y-CD

Anisotropy

0.057

0.081

0.267

correlation(ns)

1.69

2.99

45

Table 5.4

Complex

Fluorescence lifetime data of inclusion complexes of MPPO:o-, -P, and
y-CD, k =500 nm

t,

(ns)

T2(ns)

MPPO:a-CD

2.97 +/-0.05

7.19 +/-0.03

0.81 +/-0.01

0.20+/-0.01

1.05

MPPO:P-CD

3.27 +/-0.01

8.09 +/-0.07

0.74+/-0.01

0.27+/- 0.11

0.94

MPPOy-CD

5.47 +/-0.90

17.47 +/-0.42

0.47+/-0.05

0.53+/-0.06

1.03
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5.4 Contiwgtena
Fluorescence, NMR and DLS confirmed that 2,5-bis-(4-methyphenyl) oxazole
(MPPO) forms an inclusion complex with y-CD. These results suggest that the MPPO
molecules form longer linear aggregates than PPO. The temperature phase transition of the
aggregates was estimated to be 50 °C. The fluorescence lifetime studies indicated that the
complex formed is heterogeneous.

ss
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Chapter 6
Conclusions and Future Research

6.1 Cttntlreions
Polymeric surfactants have been synthesized via “ Co y-polymerization. The
micelles are composed of (O-unsaturated anionic surfactants whose polar heads are derived
from both single amino acids and dipeptides. These polymers are used in our lab as
pseudo-stationary phases in electrokinetic chromatography (EKC) for the separation of
chiral drugs. Elsewhere, Leydet et al. have evaluated the activity of similar micelle
polymers against human immunodeficiency virus (HIV-1, HIV-2) and various other RNA
and DNA viruses [1]. The molecular weights of our polymers in 0.1 M NaCl have been
determined by using the sedimentation equilibrium method.

In this research,

sedimentation equilibrium is utilized to evaluate molecular weights of some of the polyundecanoyl-L-amino acids and poly-undecanoyl-LJ^dipeptides used in Warner’s research
group. Figures D1 to D 13 illustrate the results of these studies. The molecular weights
and the partial specific volumes of these polymers are summarized in Table D.
Analytical ultracentrifugation is used for the determination of molecular weights
and sedimentation coefficients of poly L-SUV and poly L-SUT at different temperatures.
Plots of absorbance as a function of radius indicate that both poly L-SUV and poly L-SUT
are highly monodisperse. A method for evaluating the partial specific volumes using
density measurements is presented.

The partial specific volumes of poly L-SUV are

slightly higher than those of poly L-SUT. In addition, the temperature dependence of the
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retention factor in EKC was used to estimate the enthalpy, the entropy, and the Gibbs free
energy of the surfactant/analyte complexes. Five phenylthiohydantoin (PTH)-DL-amino
acids were separated and each enantiomeric pair was completely resolved. Comparison of
the thermodynamic values obtained with poly L-SUV vs. poly L-SUT using the van’t Hoff
relationship suggests that poly L-SUT, with a less favorable free energy change (i.e., less
negative A(AG)), generates a more positive entropy change, hence slightly less chiral
resolution.
The use of poly-L-SUV and poly-L-SUIL as buffer additives in electrokinetic
chromatography (EKC) afforded the separation of racemic mixtures of 2,2’-dihydroxy-l, 1 binaphthyl (BOH) and l,r-binaphthyl-2,2'-diyl hydrogen phosphate (BNP). Chiral
discrimination for the enantiomers of BNP in proton nuclear magnetic resonance
spectroscopy (‘H NMR) was observed at 25 mM equivalent monomer concentrations of
poly-L-SUV and poly-L-SUIL. The apparent binding constants of the polymeric chiral
surfactants (PCS) to the enantiomers of BNP and BOH were obtained through lH NMR
titrations and fluorescence, respectively. The 'H NMR titration studies show that the BNP
enantiomers are accommodated in the hydrophobic micellar pockets of PCS and form
complexes of a 1:1 stoichiometry. The binding constants of PCS and the rather waterinsoluble but fluorescing aromatic guest, BOH, were determined from a Benesi-Hildebrand
treatment of the fluorescence data. The EKC data corroborate those o f the binding
constants, supporting the formation of inclusion complexes. A model rationalizing the
chiral discrimination of the enantiomers of BNP is proposed based on the intermolecular
interactions observed in *HNMR data.
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These investigations have demonstrated that capillary zone electrophoresis (CZE)
with indirect photometric detection is a viable approach to the separation and identification
of free bile acids along with their taurine and glycine derivatives. Various parameters such
as pH, organic solvent concentrations, column temperature and type of chromophoric
electrolyte were investigated to optimize the electrophoretic separation and to maximize
the peak capacity. The quality of separation of bile acids can be dramatically improved by
incorporating y-cyclodextrin (y-CD) in the running electrolyte.

This improvement in

resolution is accompanied by a decreased migration time, suggestive of an increase in
association of y-CD with bile acids. As a result, a CZE separation of all IS bile acids was
possible in about 30 minutes using S mM adenosine-S'-monophosphate (AMP), 7 mM yCD in 75 % (v/v) methanol at pH 7.0.
The

complexation

of

y-CDs

with

the

guest

molecule

2,5-bis-(4-

methylphenyl)oxazole (MPPO) has been studied by use of fluorescence and NMR
spectroscopies, and dynamic light scattering (DLS). The changes in the lH NMR aromatic
signals of MPPO in aqueous y-CD provide evidence of the formation of linear aggregates.
DLS was used to confirm the existence of a distribution of the aggregates in the micrometer
range. Excimer fluorescence was pronounced in the presence of y-CD. The evidence of
the existence of two species was shown through fluorescence lifetime data. The emission
intensities of the steady state fluorescence of the dimer revealed a phase transition
temperature at SO°C. The existence of the phase transition temperature was confirmed by
fluorescence anisotropy measurements.
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6.2 Future Research
The separation of chiral drugs using polymeric surfactants in EKC are often superior
to separations obtained by monomeric ones. The main advantages of polymeric surfactants
are chemical stability, zero CMC, tolerance of organic solvents in the 50 to 60 % range and
lower joule heating. More fundamental studies such as the ones presented in this research
will facilitate the development and introduction of new polymeric pseudophases. In
addition to the studies of interactions through van’t Hoff law, fluorescence, and nuclear
magnetic spectroscopy, more solution interactions using gel permeation chromatography
(GPC) with light scattering (LS) detectors should provide information regarding chemical
interactions between solutes and polymer pseudophases.
For charged species such as proteins, analyte separation is based on a combined
effect of the differences in electrophoretic mobility and the degree of partitioning with the
negatively charged micelles, hi micellar capillary electrophoresis (MCE), the separation
medium contains a non-polymerized surfactant, most commonly SDS. Pederson et al. [2]
used MCE to separate three Serratia Marcescens nuclease isoforms. Similarly, Beattie and
Richards [3] found that MCE is suitable for the separation of isoforms of Metallothionein
in sheep liver extracts. In all the above work, a concentration above the CMC is required
in order to perform the separations. According to all of the advantages of polymeric
surfactants mentioned in this dissertation and elsewhere, it is predictable that their use as
pseudostationary phases in protein separations will be a better approach. Therefore, protein
and peptide separations with polymeric surfactants should be investigated in the
continuation of applications of polymeric surfactants.
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The use of calixarenes as host molecules should be investigated for the separation
of bile acids. In addition, preliminary results have shown that poly sodium N-undecanoylL-glycinate, a polymeric surfactant synthesized in our laboratory, can be added to the
running electrolyte for separation of ester of cholesterol. The polymeric surfactant should
beeitheremployedaloneormixedwithcyclodextrins. The sensitivity of bile acid detection
may be the subject of further improvement. Moreover, the method developed in this
research for separation of bile acids may be applied to urine and feces samples from
hepatitis patients as well as to simultaneous determination of other minor components
(hydroxy derivatives, oxo bile acids, and allobile acids).
The scattered intensity data at angles (0) obtained by GPC-LS should be analyzed
by use of the following equations incorporated in the Mini-DAWN (Wyatt, Santa Barbara,
CA) software.

— = ^ ( 0 ) - T A fM jP 2(0)
K C

6.1

where, Rqis the excess Rayleigh ratio, C is the concentration of the solute molecules in the
solvent; Mw is the wight average molecular weight; P(9) is the shape factor, A2 is the
second virial coefficient, and A* is an optical constant defined as

6.2
where n„ is the refractive index of the solvent at the incident radiation (vacuum) wavelength;
X0 is the incident radiation (vacuum) wavelength, expressed in nanometers; and NA is
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Avogadro’s number, equal to 6.022x1023. The differential refractive index increment of the
solution (dn/dc), with respect to a change in solute concentration can be measured
independently by using a refractive index detector. The value of dn/dc will be calculated by
calibrating the response of a refractometer. The differential refractometer mainly consists
of a laser light source, a position-sensitive detector., and a temperature-controlled
refractometer cuvette. The shape factor P(0) from equation (6.1) is calculated as follows:

P(0)

3

6.3

where <S2> is the mean square radius of gyration, and q is the scattering wavevector.
The A2 value will be calculated to be zero as the concentration of the polymers
eluting from the column will be very low. The Mini-Dawn software will measure the
number molecular weight (Mn), the weight molecular weight (Mw) (Figure 6.1), and the zmolecular weight (Afz). The usefulness of this treatment is that it will also measure the
polydispersity index (Mw/Mn).
The osmotic pressure technique may be used in the future to characterize polymeric
surfactants. A convenient equation relating the molecular weight to an experimentally
measurable quantity, the osmotic pressure, can be derived simply in terms of chemical
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Y -intercept gives Mw

(K*c)/R(0)

Slope gives < r2>w

1.0

0
Sin2(0/2)
Figure 6.1

K*c/R(6) as a function of sin2(9/2)

potential difference. In fact, at equilibrium, the following equation can be established for
ideal solutions:

* _RT
*
c2 Mz

6.3

where it is the osmotic pressure, R is the ideal gas constant, c2 is the concentration of the
solute in grams per liter, T is the temperature in Kelvin, and Af2 is the molecular weight.
Plotting idcj (Figure 6.2) as a function of c2enables one to evaluate the molecular weight.
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Equation 6.S is derived assuming ideal behavior. Therefore it is desirable to measure it at
several different concentrations and extrapolate to zero concentration for molecular weight
determination. For a non-ideal solution, the osmotic pressure at any concentration c2 is
given by

J L = R 7 T -i-.B C j.C V D V
cl
«i

).

6.5

where B, C, and D are called the second, third, and fourth virial coefficients, respectively.

Nonideal behavior

Ideal behavior

RT/M

Figure 62

c ,
Determination o f m olecular weight of a solute by osmotic
pressure m easurem ent for an ideal and nonideal solution
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How do analytes interact with the polymeric surfactants?

Sedimentation

equilibrium has been used to measure a reversible association reaction in surfactant
solutions of pentaoxyethylene octyl ether with a membrane protein [4]. hi this laboratory,
analytical ultracentrifugation should be used to attempt to understand the mechanism of
separation, performed in CE, of proteins by non-ionic (samples from BASF) and ionic
polymeric surfactants. Light scattering, NMR, and luminescence techniques may also
provide as comparable answers to analytical ultracentrifugation.
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Appendix A Synthetic Scheme of Sodium N-undecanoyl L-amino Acid
Surfactants

1. E sterification

^

H2C=CH(CH2)bCOOH

UndecytanlcAdd

CjHn N— C— NCgHfj

N'hydroxyiucdnimido

Dteydohaxytaartjodiima

Ethyl acetate (16 hrs)

C eH itN H -C O — NHCgH,,

N-hydroxytuccinlmida attar of undacyfanic add

Olcyclohaxyluiaa

2. C oupling o f A m ino A cids to E s te r of U ndecylenic A cid

H2NCHCOO* Na*

k
N-hydroxytucdnlmlda attar o< undacylanic add

Sodium ta llid amino
actd

NaHC03/TH F(24hrs)

Hj C=CH(CH2) i CNHCHC0 0 ‘ Na*

SodhimUndacofynfc Amino Add
R danotattha amino add tide chain
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Appendix B Polymerization of Sodium N*undecylenic L-amino Acid Surfactants

sodium N -u n decylenic L-am ino a d d (SU A A )

i

AA*Na+ AA'Na+

AA*Nat

lAA*Na+

P oly (sodium N -undecanoyl L-am ino ad d ) (P oly L-SU A A )

16S
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Appendix C

Dynamic Light Scattering Data of MPPO:y-CD, Interpreted in Term s of
Spherical Scatters
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Appendix D Summary of Partial Specific Volumes, W eight M olecular W eights,
and Aggregation Numbers of Some of the Polymeric Surfactants
Studied in W arner's Laboratory
Partial speciflc
volume
[Vbar (mL/g)]

Weight m olecular
weight (Mw)

Aggregation
num ber

Poly L-SUL

0.84

10800+/- 55

33

Poly-L-SUV*,**

0.80

9987+/-215

32

Poly-L-SUA

0.83

9243+/-274

33

Poly-L-SUIL**

0.79

10563+/-474

33

Poly-L-SUS

0.77

8788+/-687

32

Poiy-L-SUT*

0.78

10893+/-53

37

Poly SUS#

0.78

15049+/- 306

48

Poly-L,L-LV

0.80

14652+/-625

33

Poly-L-GV

0.82

13576+/-482

37

Poly-L^L-AA

0.84

16453+/-629

47

Poly-L,L-W

0.81

14244+/-227

35

Poly-L,L-LL

0.80

14470+/-175

32

PoIy-L,L-VA

0.82

13585+/-205

36

Poly-L,L-AV

0.83

12926+/-589

34

Poly-L-LG

0.80

15674+/- 282

41

Poly-L,L-rV

0.83

18038+/- 337

43

Poly-L,L-AL@

0.77

10582+/-195

27

Poiy-L,L*SL@

0.78

15333+/- 600

37

Poly-L,L-TL@

0.8S

10830+/-403

25

Poiy-L,L-VL@

0.79

13339+/-291

32

Polymeric
surfactants

• Y m bettaL AoiL Chem. 1999 Vol71 (II). 3992-3999
•• Y m beetiL Electrophoresis, 2000 in press
• AkbayetiL
• Haynes c td Electrophoresis. 2000 in press
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Vita
Houphouet Hyacinthe Yarabe was bom in Gagnoa, Ivory Coast, on August 17,1964.
He attended a private Catholic primary and high school, hi 1982, Houphouet graduated
from high school in the top 3 % of his class. He then attended the National University of
Abidjan, Ivory Coast, where he obtained a bachelor and master of science degrees in
Physical Science in 1985 and 1987, respectively. In his college years in Abidjan,
Houphouet was also the captain of the university rugby team. He moved to the United
States in December of 1987 to further his studies. In the spring of 1988, Houphouet
attended the English Language Center (ELS) at Marian College, Indianapolis, Indiana.
During the summer of 1988, Houphouet attended Indiana University to improve his English,
all this in an attempt to make a smooth transition from French to English. Next, he attended
the Rose-Hulman Institute of Technology, a private, so called republican engineering
college located in Terre Haute, Indiana, where, he studied Chemical Engineering. He spent
the summer of 1989 at the University of Cincinnati to take classes in chemical reaction
design and mass transfer. While attending Rose-Hulman he met Wenxi Teng, a young 21
year old beautiful and intelligent lady who was studying Journalism at Saint Mary of the
Woods college, in a neighboring town. The encounter generated a wedding in 1990 and the
birth of two wonderful twin boys in February of 1991. In June of 1992, he obtained a
master of science degree in chemical engineering under the direction of Dr. Jerry A.
Caskey. His master’s thesis title was The Tensile and Mechanical Properties o f Low,
Unear Low, and High Density Polyethylene Alloys. The year 1992 was bad for the
American economy. Many companies were going out of business, making it especially
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hard for a foreigner with broken English to get a decent job. Although admitted to Illinois
Institute of Technology, Chicago, Illinois, in the Chemical Engineering doctoral program,
Houphouet took a job at Vincennes University, a community college located in southern
Indiana. He taught mathematics at Vincennes University’s Indianapolis campus, in order
to better take care of his young family. Two years later, he secured a Chemical Engineering
position at CTP Corporation, a metal tube processing business in Indianapolis. Houphouet
developed a taste for chemistry while doing part-time research and attending group meetings
in Dr. Paul Dubin’s laboratory in the chemistry department at Indiana University Purdue
University at Indianapolis (IUPUI). He pursued his doctoral degree in the chemistry
department at Louisiana State University, Baton Rouge campus, under the direction of Dr.
Isiah M. Warner. In Dr. Warner’s group, Houphouet studied the development and
applications of novel chiral surfactant pseudostationary phases for use in electrokinetic
chromatography.

He also studied cyclodextrin inclusion complexes in capillary

electrophoresis and in luminescence spectroscopy. He thus developed an expertise in free
radical polymer synthesis, capillary electrophoresis, luminescence techniques (UV-Vis and
fluorescence), analytical ultracentrifugation, and nuclear magnetic resonance spectroscopy.
He also used dynamic light scattering and gel permeation chromatography among other
techniques to solve problems throughout his research.
Excerpts of his dissertation research which have been published in scientificjournals
are listed below:
•

Yarabe, H. H.; Shamsi, S.A.; Warner, I.M. Capillary Zone Electrophoresis of Bile
Acids with Indirect Photometric Detection Anal. Chem. 1998, Vol70, 1412-1418.
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•

Yarabe, H. H.; Warner, I.M. Synthesis, Characterization and Utilization of two
Polymeric Chiral Surfactants as Pseudostationary Phases of Electrokinetic
Chromatography, Anal.Chem. 1999, Vol 71, 3992-3999.

•

Yarabe, H. H.; Billiot, E.; Warner, I. M. Enantiomeric Separation of Drugs by Micellar
Electrokinetic Chromatography Using Polymeric Chiral Surfactants, /. Chromatogr.
A 2000, Vol 875, 179-206.

•

Yarabe, H. H.; Warner, I. M. Spectroscopic, Thermodynamic and Capillary
Electrophoretic Studies of Chiral Interactions of Binaphthyl Derivatives with Two
Sodium Undecylenyl-L-Amino Acid Polymeric Surfactants. Electrophoresis. In Press.

•

Yarabe, H. H.; Wemer, T. C.; Warner, I.M. Characterization and Spectroscopic
Studies of the Linear Aggregates Formed by the Inclusion Complexes of 2,5-bis-(4methyldiphenyl) Oxazole with Cyclodextrins. In preparation fo r Langmuir.

• Rugutt, J.K; Fronczek, F.R.; Yarabe, H. H.
ACTA CRYSTALLOGR C 55,1999,759-761.

A racemic strigol analogue at 100 K

•

Haynes, J.; Billiot E.; Shamsi, S. A.; Yarabe, H. H.; Warner, I.M. Chiral Separation
using Polymerized Surfactants as Pseudostationary Phases of Electrokinetic
Chromatography, Electrophoresis 2000, 2 1 ,1597-1605.

•

Rugutt, J. K.; Yarabe; H. H.; Warner, I. M. GR 24 Enantiomers: Synthesis, NMR
Spectroscopy, X-ray Crystallography and Separation by Chiral Electrokinetic Capillary
Electrophoresis, Anal. Chem. In Press.
During his graduate career, Houphouet presented his work and shared his experiences

at numerous professional meetings including:

•

Yarabe, H. H.; W arner, I.M., Spectroscopic, Thermodynamic, and Capillary
Electrophoretic Studies of Chiral Interactions of Binaphthyl Derivatives with Two
Sodium N-undecanoyi-L-Amino Acid Polymeric Surfactants, l l * International
Symposium on Chiral Discrimination, Chicago, IL, July 1999

•

Yarabe, H. H.; Warner, I.M., Spectroscopic Studies of Chiral Interactions of Benzoin
Derivatives with Sodium N-undecanoyl-L-Amino Acid Polymeric Surfactants. Gordon
Research Conference on Analytical Chemistry, New England College, Henniker,
NH, August, 1999
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•

Yarabe, H. H.; Wamer, I.M., Spectroscopic Binaphthyl Derivatives with Sodium Nundecanoyl-L-Amino Acid Polymeric SurfactantsACS NATIONAL MEETING, New
Orleans, LA, August 1999

•

Yarabe, H. H.; Wamer, I.M., Spectroscopic, Thermodynamic and Capillary
Electrophoretic Studies of Chiral Interactions of Binaphthyl Derivatives with Two
Sodium N-undecanoyl-L-Amino Acid Polymeric Surfactants. 10lh Annual Frederick
Conference on Capillary Electrophoresis, Frederick, MD, October 1999

•

Ruggutt, J.K., Yarabe, H.H., Shamsi, S.A., Warner, I. M.
Striga weeds: The persistent enemies of African crops.
ABSTRPAP AM CHEM S 218: U124-U124 Part 1 AUG 22 1999

• Y arabe, H.H., McCarroll, M.E., Rugutt, J.K., Warner, I. M.
Capillary Electrophoretic Separation of Binaphthyl Enantiomers with two Polymeric
Chiral Surfactants: A Fluorescence Spectroscopic and Thermodynamic Study.
ABSTR PAP AM CHEM S 218: U153-U153 Part 1 AUG 22 1999
•

Harrell, C.W., Billiot, E.J., Yarabe, H. H., Wamer, I. M.
Synthesis, Characterization, and Application of Chiral Polymerized Surfactants and
Dipeptides in Electrokinetic Capillary chromatography.
ABSTR PAP AM CHEM S 216: U209-U209 Part 3 AUG 231998

•

Yarabe, H. H.; Wamer, I.M. Characterization and Thermodynamics of the Interactions
of two Chiral Polymeric Surfactants with Model Substances: Phenylthiohydantoin
Amino Acids, lO* International Symposium on Pharmaceutical and Biomedical
Analysis, Washington, DC, May 1999. ACS NATIONAL MEETING, Boston, MA,
August 1998; ACS REGIONAL MEETING, Baton Rouge, LA, November 1998

•

Yarabe, H. H.; Shamsi, S.A., Wamer, I.M . Capillary Zone Electrophoresis of Bile
Acids with Indirect Photometric Detection, PITTCON 97, Atlanta, GA, M arch 1997,
24th Annual NOBCCHE, Orlando, FL, M arch 1997.
Yarabe, H. H.; I.M. Wamer, Synthesis, Characterization and Utilization of two
Polymer Chiral Surfactants as pseudostationary phases of electrokinetic
Chromatography,, PITTCON 98, New Orleans, LA, March 98.

•

•

Yarabe, H. H. and Wamer, I. M. Characterization of Polymerized Surfactants used
in Electrokinetic Chromatography Beckman Symposium on Solution Interactions of
Macromolecules, Galveston, TX, November 97.

Houphouet was involved in several national and local organizations such as
• American Chemical Society (local section chair of minority mentoring program)
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• American Institute of Chemical Engineering
• National Organization for the Professional Advancement of Black Chemists and
Chemical Engineers
• Graduate Student Council
The following honors have been received by Houphouet during his graduate career at LSU:
•

Louisiana State University Graduate School Tuition Waiver Award (01/96 to present)

•

Beckman Symposium travel grant (November, 1997)

•

10th International Symposium on Pharmaceutical and Biomedical Analysis Travel
Award (May, 1999)

•

Gordon Research Conference Travel Award (August, 1999)

•

19th International Symposium on the Separation of Peptides, Proteins and
Polynucleotides Travel Award (October, 1999)

•

lO* Annual Frederick Conference on Capillary Electrophoresis Travel Award (October,
1999)

The Yarabe family now has two new members, Boniface (5 years old) and Dominic
(3 years old). Houphouet Hyacinthe Yarabe is presently candidate for the degree of
Doctor of Philosophy in analytical chemistry. Upon graduation, he plans to move to
Richmond, Virginia, to start a research and development career, in the nutrition department
at Whitehall-Robins healthcare, a division of American Home Products.
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